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1
At the present ttie the alrctraftindustry Is Undergoing

rapid e~anslon and a relatively large number of new men are
. ‘woYklngIn-the airoraft-coollng’field. The amount of train-

ing that many of these men have had in the general field of
heat transfer and particularly In the specialized field of
heat transfer in connection with aircraft is necessarily
rather Mmlted. Some of them are consequently confronted
with the problem not only of becoming oriented in the field

#1
of heat transfer but also of trying to read, assimilate, and

. evaluate in a limited time the large number of reports that
have been published on the design, se~eotion, and inetalla-
tlon of aircraft heat exchangers.

Realizing that the above conditions existed, the Bureau
oi’Aeronautics requested the National Advisory.Comittee for
Aeronautics to prepare a report summariz~ present knowledge
degarding heat exchangers as applied to aircraft. “

The authors of the present report believe that the prob-
lem can be alleviated by use, as a textbook, of a report in
which the present knowledge about the elements of design, se- “
;lection,and installation Is summarized. The authors also
believe that men experienced In the field can use as a refer-
ence book Q report in which the pertinent data, which have
been published in many separate papers, are collected. They
-hope that the present report can fill both these needs= that
it will be found useful both as Q textbook and as a re erence*
book.

It is not intended that this report entirely take the - “
place of stendard texts on heat transfer, which give thorough
treatments of heat transfer In general. It Is.neither neces-
sary nor desirable to Include in the present report a detailed
treatment of the mechanism of’fluid flow and of h-t transfer.
For such a treatment, Including a discussion of turbulent I
boundary layers, analogies between heat transfer”and fluid
friction, and so forth, referepce 1 Is reccumnended. .

Inasmuch as a great deal of research Is being done ‘on
the subjects covered..~ the present repogt, revtsion will
probably bs destiable from tUne to the. The authors will “
welcome comments * suggestions for @rovements in presen-
tation and scope of the material included In the report. “-
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HEAT EXCHANGERS

By George P. Wood and Maurloe J. Brevoort

SUMMARY

A“survey of the subject of al~oraft heat exchangers Is
given in the present report. The re ort 1s divided into
three main parts. rPart 1, entitled Desl~,tf presents the

. l%ndamental relations for calculating heat-transfer rate and
pressure loss.in heat exchangers, numerical data for use In
applying these relations to various designs, energy-balance
equations for fluid flow, methods of calculating the power
cost of heat exchangers, and a discussion of the application
of tha foregoing material to the design of heat exchangers,
Part II, entitled l~Selectlon,~tdiscusses the selection of
the external dimensions of coolant radiators, air inter-
ooolers, oil c~olers, and engine fins. Part III, entitled
‘fInstallationD constders the problems of installing heat
exchangers in aircraft; namely, the design of engine cowlings,
wing entrances, scoops, exits, and ducts. Appendixes give
the physical properties of air, the properties of standard
atmosphere as defined by the Navy, the Army, and the NACA;
and an impact-pressure chart. .

INTROIYUCTION

A short the ago the power produced by the power plants
of airplanes was small and the altitude of operation of air-
planes was low. On account of the small engine power, the
inefficiency with which that power was developed, and the

w faot,that long range was not required of airplanes, the effi-
ciency with whloh coollng was obtained was a relatively
unimportant oonsideratlon. On aocount or the low altitudes ,
of operation, the cooling problem was not a difficult one,
Heat exchangers were usually selected to have as small a
volume as posstble aqd still be able to finction on the - “
available pressure drop.

...
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Efforts are behg directed currently toward Increasing .
the range of bombers and cargo airplanes. The need for
greater range and carrying capacity and the large engine
powers that are used today make It Important that cooling be
obtained efficiently. The high altitudes at which present-
day airplanes operate also make the cooling problem more
difficult than it formerly was. “

The efficiency.and.the cooling capacity of heat exchangers
generally can be increased by: (1) Improving the design of
the elements of which they are constructed, (2) selectti

7better proportions for their external dimensions, and (3 im-
proving their Installation in the airplane. The present re-
port Is therefore divided Into three main parts: I - Design;
II - Selection; and III - ~stallathn. Part I is an attempt
to treat in simple terms the fundamental relations by which
heat-transfer rate, pressure drop, and power consumption In
heat exchangers are calculated. It &lso contains a rdbumefl
of the experimental data.on the heat-transfer and pressure-
drop characteristics of many des@ns. Part II treats methods
of selecting the external dimensions of heat exchangers of a
given design. Part III Is a consideration of the problems
of design of’the ti!rentries, ducts, and exits that are asso-
ciated with heat exchangers.

SYM30LS

A

As.

c

c“

Cp

Cv

c

l/feet

cross-sectional area of fluid passage, square feet
open frontal area of heat exchanger, square feet

projected frontal area of scoop, square feet

speed of sound, feet per second

guide-vane chord, feet

specific heat of fluid at constant pressure, Btu
per pound per ‘F

specific heat of fluid at constant volume, Btu per
pound per ‘F

constant in definitions of generalized radiator “
variables, foot-pounds..persecond per cubic foot
of open radiator volume”

I
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to lift coefficient
-.,,.

1“ cJ)m, drag tioeifticientof’scoop, based on projected
?- frontal area

cl,

D

D

f

fR

1?

h

ha

hl

C2S C38 C4 numerScal constants .. .
hydraulic diameter of’passage, feet
diameter or width of’duct, feet

drag, po~ds

3

of

fln effectiveness, dimensionless
frlctlon”factor, dimensionless “
ratio of cross-sectional areas of passages,
dtmenslonless

ratio of’open to total frontal area of rad~ator .
.

mechanical energy lost per unit weight of fluid
because of friction, foot-pounds per pound

acceleration due to gravity, feet per second per
second

coefficient of heat transf’er,Btu per second per
square foot per ‘F

coefficient of’heat transfer based on ~, Btu
per second per square foot per ‘F b

coefficient of heat transfer based on ~, Btu
per second per square foot.per ‘F

local coefficient of’heat transfer at dS, Btu
per second per square foot per ‘F

over-all coefficient of’heat transfer between two
fluids, Btu per second per square foot per ‘F

local coefficient of heat transfer at x, Btu per
second per.square ‘footper ‘F “’

rate of heat transfer, Btu per.second

total pressure, pounds per square foot

loss in total pressure, pounds per.square foot
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k

‘k

hl

%

Kl, K2

z

L

Lc

Le

m

%

mp

M

n

P
Palt
P50,000

APC

Apf

mej~n~;;j equivalent of heat (’778foot-pounds

loss coefficient for duct, diffuser, corner, and.
ao forth (lUI/q)

thermal conductivity of fluid, Btu per second per
square foot per ‘F per foot

thermal conductivity of metal, Btu per second per
square foot per ‘F per foot

pressure coefficient
()
g

oonstantg in definitions of generalized radiator
variables

exponent in equation (5)

length of fluid passage, feet

length of cooling-air passage, feeh

length of engine-aIr passage, feet

length of lntercooler in no-flow direction, feet

.

exponent in equation (5)

center-to-center tube spacing normal to dlrectlon
of’~ir flow, feet

center-to-center tube spacing parallel to direction
of air flow, feet ..

Mach number

number of tubes

static pressure, pounds per square foot

ratio of pressure rise across blower at altitude
to pressure rise across blower at 5~,000 feet

static-pressure drop of cooling air, pounds per
square foot

ntatic-pressure drop due to friction, pounds per
square foot

I
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P

Pt

%
,.

Palt

?50,000

Q

Qc

R

R

R.

R~

Ru

a

s“

s

statia-t)ressurediop due to momentum increase, “
‘-’’poti-d&per square foot ‘--“

net power cost of cooling, foot-pounds per second

power for pumping cooling air, foot-pounds per
second

power for overcoming sooop drag, foot-pounds per
second

total power cost of heat.exchanger, foot-pounds
per second

power oost of transporting weight of heat exchanger,
foot-pounds per second

ratio of power cost of blower at altitude to power
cost of blower At 50,000 feet

dynamic pressure, pounds per square foot

volume rate of flow, cubic feet per second

volume rate of flow of cooling air, cubic feet
per second

vol~qe rate of flow of engine air, cubic feet per
second .

radius from center of cylinder to root of fin,
feet

Reynolds nuzzber,dimensionless (R = pvD/~)

gas constant in pv = RT .

radi”usof curvature of duct, feet

radius of curvature.at diffuser exit, feet

radius of curvature at diffuser entrance, feet-... . .. ,

fin spacing, feet

guide-vane spdchg or gap, feet

surface area for heat transfer, square feet

.:
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Sf

St

t

T.

Tc

Tf .

Th

Tw

AT

m

AT=

ATf

ATd

ATh

u

v

v

v

area of’cylinder.wall, square feet

area of unflnned part of heat-transfer surface,
square feet

area OP fin sur~ace, square feet

surface area for heat transfer “betweentwo fluids,
square feet

fin thickness, feet
wall thickness, feet

temperature, ‘F

temperature

temperature

temperature

temperature

temperature

of COld fluid, ‘F

of fluid, ‘1?
,

Of hot fluid, ‘F

of wall, ‘F .

difference, ‘F

mean temperature difference; logarithmic-mean
temperature difference, ‘F

arithmetic-mean temperature difference, ‘F ‘

rise in temperature of cold fluid, ‘F

temperature difference between fin and fluid, ‘F

temperature difference between direct surface and
fluid, ‘F

drop in temperature of hot fluid, ‘F

internal or intrinsic energy per unit weight of
fluid, Btu per pound

volume of heat exchanger, cubic feet
open volume of heat exchanger, cubic feet

specific volume of gas, cubio feet per poud (1/gP)

speed of.fluid, feet per second

. . .. . , . . . .
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w‘.

w

We

x

7

at minimum cross section of tube
.pkr”Second

fin width, feet .

weight ra’teoi flow of

weight rate of flow of
second

weight rate of flow of
second

weight rate of flow of
second .

fluid, pounds per second

cooling air, pounds per

engine air, pounds per

hot fluid, pounds per

total mechanical work”done by unit weight of
fluid, foot-pounds per pound

rate at which mechanical energy is recoverable
from heat input, foot-pounds per second

duct he!ght, feet

net external mechanical work done cm unit weight’”
or fluid, foot-pounds per pound

distance from tube entrance of cross section at.
which hx is measured, feet

ratio of specific heats (cp/cv) “
. .

factor tQ account for weight of heat-exohanger
mounting, dimensionless

mean temperature difference between hot fluid and “
cold fluid divided by inlet temperature
difference, dimensionless -,

rise in temperature of cold fluid divided by
Inlet temfieraturedifference, dimensionle~s

efficiency of’diffuser, dimensionless

efflbiency of supercharger, dimensionless

one-half the included angle of’expansion of
diffuser, degrees

.
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e angle through which air is deflected by duct .
corner, degrees

P coefficient of viscosity of fluid, slugs per
f’oot-second

drop in temperature of hot fluid divided by inlet
temperature difference”,dimensionless

P mass density of fluid, slugs per cubic foot

~R density of radiator based on open volume, pounds
per cubic foot

a ratio of density at altitude to density at sea
level, dimensionless

Q dimensionless group for correlating lamlnar-flow ;
heat-transfer coefficients, figure 5

(Prandtl number x Reynolds number x ~) -

Subscripts:

1,2. two fluids in a heat exchanger

O, 1, 2, 3 stattons shown In f@ure 17

i Inlet

o outlet

A superscript bar indicates a mean value, and a prime indicates
a generalized variable. S~bols in equations and figures
taken from references have been changed throughout to the
notation of the present paper.

.
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Every design of heat exchanger can be visualized as an
arrangement or tubes. Conventional coolant radiators and
oil coolers are composed of bundles of circular tubes through
which the cooling alr flows and over wh~ch the liquid flows.
Some Intercoolera &re likewise composed of bundles of circu-
lar tubes. Others are made up of’.flat plates as dividing
surfaces between the two fluids, with Indirect coollng sur-
faces attached. The dir flows through passages that may be
considered tubes. The passages that are formed hy the cylln-
der walls, the fins,”and the baffles of an air-cooled engine
may likewise be thought of.as tubes. . “ ..

~ the design of’a heat exchanger, it Is desirable that
the heat-transfer and the pressure-drop characteristics of
the elements or tubes be known. Part I is concerned with
the factors that influence these characteristics; namely,
the dimensions, the shape, the speclng, and the arrangement
of the tubes, and the velocity and the physical properties
of the fluid.

,.
The flow of fluids through the”tubes or passa&es can in

general be characterized as laminar or turbulent. Illlami-
nar flow. each narticle of the fluid flows in a line that is. L
nearly parallel w!th the axis of the passa~e. There is
practically no nlxin~ of various parts of the fluid. Zn
turbulent ilow, tl,eparticles oi”the fluid move in an agi-
tated, disorderly, eddying t;~e of motion. Rate of heat.
transfer and frlctimml pressure drop are different for the
two types of flow. The typo of flow that takes place in a
tube depends principally on the Reynolds number. The
Reynolds number for flow through a tube is defined as the -
dimensionless group pVD/V where D is to be taken as the
-hydraullcdiameter of the tube. The critical lie~lds
number below which laminar flow always occurs and above which ~
turbulent flow usually occurs is about 2100 for a circular
tube, provided that the lehgth-dfameter ratio of the tube is
large enough for iurbulent flow to be developed. For the
tubes of small length-diameter ratio commonly used In aircraft
heat exchangers, the flow may be considered turbulent if the
Reynolds number is not less than 6000 to 8000. ..

In correlating data on “fluidflow, the concept if
hydraulic diameter IS useful. The hydraulic diameter of a
tube of-any cross-sectional shape is defined as four times
the cross-sectional area of the tube divided b~ the perimeter
of the tube. For example,”the hydraulic diameter of a‘.

L —----- ......—. .-, —.— .... .

.
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rectangular tube of’sides a and b. 1s 2ab/{a + b). The
hydraulic diameter of a circular tube is”.thegeometric dia-
meter of’the tube.

HEAT TRANSFER

~ a study of the transfer of heat In aircraft heat
exchangers, interest Is centered on transfer by forced con-
vection. The role played by radiation Is a relatively unim-
portant one. Althou@.conduction through solids is a
necessary factor in the functioning o#’heat exchangers, a
detailed consideration of conduction is not necessary. The
treatment of heat transfer In the present report is therefore
primarily a treatment of heat transfer by forced convection.

A foundation for the dlscusstin of the heat transfer
between the two fluids of a heat exchanger is laid by a dis-
cussion of’the heat transfer between a fluid and a surface,

HEAT TRANSFER - BETWEEN FLUID AND SURFACE

Two Fundamental Equations

Consider a cold fluid flowtng past a hot surface. The
temperature difference that exists between the wall and the
main body of the fluid is shown in figure 1. Experiment

.-

-—— -

—-—

.

Figure 1. - Temperature difference between hot wall and cold
fluid.

shows that dH, the amount of Fleattransferred per unit time
to the fluid from an element of surface area ds, Is

—.
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‘proportional-to the area of the suri?aoeelement and to the
temperature dlfferenoe AT exlatl~ between the surfaoe and
the body of-the fluld at the element’ dS; that 1s, :.%- .. -. . -, . -..,..,..,.“- .-~~--, .-., , .--. ..-~eATm !- . -., ,,.,.. ,

q If a proportionality faotor hg is used, the equation re-
latlng these .quantitiesis . .

m
+

.
dH=~dTdS ~ (1)

.: The rate of heat transfer from the entire surfaoe .S-.
to the fluid is giyen by Integration of equation (l). M
the general case, hs is a funetlon of the temperature of
the flutd, which varies over the surfaoe and.ls a function
oi’ H- For air, however, the value of ~ Is practically
independent of temperature and ~ -y be replaced by “h.
The temperature difference AT is a function ofboththe

‘ fluld and the surface temperatures, which are functions of
H. The Integration of equation (1) may therefore be inc!li.-
cated as

. (2)

If the integration of equation (2) Is performed,

H“=hS~ ~ (3)

where ~ Is the mean temperature dlfterence between the ~
entire surfaoe and the fluid. The actual integration shows .
that ~ is the logarithmic-mean temperature.difference,“
defined as

XT = 6Ti- ‘To ~ATT
loge ~

. .

J

Equation (3) Is the fundamental equation on which is bas~~.
the treatment of heat transfer between a fluid and a s~fqce
by forcedconvection.

The “transferof heat, which is deterhl.nedby equation (3),
must also satisfy the energy-balance equation

Ii=W OF (T. - Tt) (4)

(A ~re precise form of the energy-bal=ce equatIon, which
must be used occasionally, is given later in equation (40).)
Calculations for the prediotlon of the heat-transfer rate In

r
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a given piece of apparatus must
1 tions (3) and (4). An example

equations into a “singleworking

take into account both equa-
of the combination of these
equation is given later in

tfiediscussion of’th= appllcat~on-of heat trfisf’erto
radiators.

Coefficient of Heat Transfer h “

The quantity h appearing in equation (3) is.known as
the coefficient of heat transfer. Experiments show that the
value of h depends on the type of flow, the arrangement of
the surface area, the hydraulic diameter of the passage, and
the velocity”and the physical properties of the fluld. It
Is the purpose of the present section to give equations and :-
data that will permit the calculation of the value of h
for the various conditions encountered in aircraft heat”
exchangers. ..

Turbulent flow tkrough straight tubes. - It has been
foimd that ex~ertmental determinantions of the values of h: ..
for turbulent-flow through straight tubes with cross sections
of any shape generally can be correlated by the single .
equation

where

F Nusselt number,
c ~g
+ Prandtl number,

and, as before,

~.

dimenslanless

dimensionless

. .

(5)

.

~ Reynolds number, dimensionless
P

For the turbulent flow ot air through smooth straight tubes, .
“the best values for the exponents 1 and m and the con-. .
stant Cl in equation (5) for both heating and cooling, as “
given in reference 1, are

. c1 = 0.023 ‘.

1 = OJ+

m = 008 . . .
. .
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-*. -.. . Substitution of.thes~-values in equation (5) gives

? ‘“~”’3(!&Y”4”(4Y’8”” ~ “

Ibr air, ,*4 = 0.76 and may be considered”oonstantwith

respect to temperature and pressure”. Equation (6) then
reduces to .

(7)

Because, for the units used in the present report, the
numerical value of’ k Is 10 times the numerical Wlue of p

“ for alr at any given temperature, the equation further
simplifies to

h= o0.2 # “2 (p@8 (8)

(The constant O.2 obviously is not dimensionless.)

For the steady f’10w of air through a tube of constant
hydraulic diameter and constant cross-sectional area, the
quantities D and pv in equation (8) are constants
throughout the length of the tube. The coefficient of
viscof3ity ~ Is a function of temperature alone. The
variation of @.2 throughout the length of a tube of a
heat exchanger is very small. For the turbulent flow of
air, therei’c)re,the value of h can be considered constant
throughout the len@h of the tube.

Problem:
Calculate the heat-transfer coefficient h for the

flow of air through-a circular tube 1A inch h diameter.
The Inftial air temperature Is 0° F and the final tempera-
ture is 75° F. The initial density Is 0.0022 slug per
cubic foot and the inltiel veloclty 1s 100 feet per second.

Solution:
The value “of h is found by using equation (8),

“h-=-
()

002 # 0“2 (pV)O’8 Btu/sec/aq ft~F (8) -

The value of u at the average air temperature of 57.5°.F,
as found from figure 67 of appendix A, is

[L = 3.6 x 10-Y slug/ft-seo
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The inftial value of pV can be used because pV ‘1s a con-
stant throughout the length of the tube. I’hens

‘= o~,($$yy’‘2s2x10-’x102)”0’
= 0.2 x 0.11 x 0:3 .

* 6.6 x 10-~ B@/sec/sq ftflF

Problem:
~lculate the weight rate of flow W for 250 of the
tubes in the preceding problem. “ “

.

Solution: .

w = gApVn
. 2

()
=32m2x~ x”& x 0.0022 x 100 x 250

= 0.60 lb/see

The transition region. - Between the entrance to a tube
and the region in which he flow in the tube has the charac-
teristics of’filly developed turbulent F1ow, there is a
region OF transition In which the velocity distribution
across the tube is changing from a uniform distribution at
the entrance of the tube to the distribution that charac-
terizes turbulent flow. (See fi~. 2.) In the transition.

l?i~e 2. - Velocity distribution near
velocity distribution of

tube entrance and
turbulent flow.

.
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region. the value of h is somewhat meater thah the value
gl;en--byequation (6)j whloh applies ~o fully established
turbulent flow. It is advisable, however, to use the smaller
value belongln

7
to fully developed turbulent flow, as given

by equation (6 , in making calculations for the types of’heat
exohanger now In aomlnonuse. Experience has shown that,
with the Reynolds numbers and the tube lengths usually
employed In heat exchanger, the eff’eotof the transition
region can be ne~lected.and equation (6) oan be used for
.Caloulattig h.

..
Turbulent Plow aoross tube banks. - Experimental de- :

terminations of for the turbulent flow of air aoross
banks of circular tubes can also be correlated by equa-
tion (5), rewritten to read

(9)

In equation (9), Reynolcls”number Is based on the velo-
city of’the air at the minimum free area %lax and on the
ontslde tube diameter D. Thezexpon?nt m of equation (5)

(
L

equals ().6and the quantity Cl ~) has been replaced
by C2. The value of’ C2 depends on: (1) the ratio of
the center-to-center spacing of the tubes parallel to the “
dtrection of the air flow to the outside diameter of ~Ll~

()

tubes m D, (2) the ratio o?’the center-to-center spacin
Rof’the t~ es normal to the direction of tk.ealr flow to t e

outside diameter o: the tubes ~D, and (3) the arrangement
of the tubes, that is, whether they are in line or staggered.

The values of C2 as a function of tube spacing have
been calculated from the data of reference 2 and are given
for in-llne tubes in figure 3 and for staggered tubes in
figure 4. The data of figures 3 and ~ are applicable only
when the tube bank As at least 10 rows deep; they are most
nearly accurate for a Reynolds number of 8000 and, for nest
purposes, are stificiently aocurate over a fairly wide range
of Remolds numbers.

Problem:
~e tubes of a heat “exchangerin which the cooling air
flows across the tubes are so spaced that the center-to-
oenter distance between tubes In the direction normal to the
air flow ~ is 0.45 Inch and in ths direction parallel to
the air flow mp is 0.35 inch. The outside tube diameter
D is 0.25 Inch, the average fluid temperature is 50° l?,and
“tbe average fluid pressure is 20 Inches of mercury. The

-4—-- . — - ■ nln— ,— . . -.
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C2

934

.32

.30

.28

..26

-–-
1

,;
195 2.0 “ 2?5 3.0

m#D

?igure ~. - Constant C2 as a function of tube spacln~ for
flow of air across in-ltie tubes. (Data from reference 2.) - “

.

.38

.36

C2 .34

.32

.301

1

1.5 2.0 2.5 “ 3.0
n+./D

Figure 4..- Constant C2 as a function of’tube spacing for
flow of air across staggered tubes. (Data from reference 2.)
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velocity of’the air at the minimum .oross-section V
--- measured as 65 feet Der seoond. %!What Is the value o t%

heat-transfer-caeff’i~ienth (a) If’the tubes are staggered
as shown in figure L and (b) If the tubes are in line 8s

-1 shown In figure 3?

Solutfon: ‘
~ The heat-transfer coefficient h

\ ‘=;“(-J”’ ‘tu’sec’sq‘t’o’
~om figure 67,

(9}

k = 3.67 x 10-6 Btu/seo/sq ft/o~/ft

and

w = 3.67 x 10-7 slug/ft-see

ered tubes, from fi~ure )4,for
~&t~o~&%.25 = 1.8 and m@ = 0.55/0.25 = 1.4,

C2 = 0.335

The density p is found as follows: The
standard air under sea-level conditions -
29.92 inches of mercury; temperature, 5go
slug per cubic foot. (See appendix B.)
pressure of 20 inches of mercury at 50° F

.

density of NACA
pressure,
F- iS 0.002378
The density at a
Is therefbre

P = 0.002s78 X ~ X
h
18

29.?21

= 0.00162 SIUg/CU tt

If this value is substituted In equation (9),

( 48
0.6

h= 3.67 X 10-6 x 48 x 0.335
.)

0.00162 x 65 x 107.
x 3r67

= 1.1 x 10-2 Btu/sec/sq ft/%

(b) For the in-line tubes, for II@ = 1.8 and
+ = 1.4, figure 3 gives

C2 = 0.27
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Therefore,

h=-~lal~lo”2
O-335

= 8.9 x 10-5 “Btu/sec/sq ft/OF s

Lamlnar flow tbrou”h tubes. - W contrast with the case
+’of turbulent flow t :rougn t~~”oos,the case af lemlnar flow

through tubes is ti an Unsatisfactory status. As previously “
pointed out, the value of h for turbulent flow can be con-
sidered constant throughout the length of the tube. For
laminar flow, however, the value of’ h generally is a
function of the length of the tube. Equation (2) accordingly
becomes

H+ c hxATdx “ (lo)

The integration in equation (10) is relatively difficult.
The problem ia greatly simpli~ied by using; Instead of’equa-
tion (10), equation (3)

H =hsm “ (3)

in which ~ is the logarithmic-mean temperature difference
and h is the corresponding heat-transfer coefficient.
-Althou~h h does not represent the true mean value of hx,
its use has definite advantages In addition to the simplicity
of equation (~). Conveni.cntequations are available for
approximating h. The use of h permits comparisons with
results for turbulent flow. “As L ~creases, h approaches
a lower llmlt that Is the same as the lower limit of hx.

Fewer experimental data on heat transfer are available
f& l“amlnarflow than for turbulent flow. The results that ‘ “
are presented in the following paragraphs are theoretical
results taken from reference ~. In order to obtain these
results, certain simplifying assumptions were made relative
to the conditions under which the heat transfer occurs. If
it be assumed that both the tube-wall temperature and the
fluid properties - c , p, and k - are constant throughout

Bthe length of the tu e and that the veloclty distribution
across the tube is parabolic, the value of h is given by-
figure 5 (fig. 2 of reference 3). Figure 5 shows the
Nusselt number hD/k as a function of. ~, where
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Fi&ura 5. - Theoretical heat-transfer correlation for laml-
fiarf~ow - Nusselt number as a f%nction

# yJy-:m= (:Fbomrefirence 3.)

One curve of Plgure 5 is for flow through
the other is for 31OW between flat plates
perpendicular to the flow direction. It

of Q.

circular tubes;
Or infinite extent
should be noted

that h Is approximately a

The curves of figure 5
following relations:

For oircular tubes, “

?= 1.615 Q113

= 3.66

constant for small Vaiues of Q.

can be approximated by the

0>12

0<12
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For flat ple.tes,

F= 1.s5 # 0>70

=7.60 . 0<70

The ltiitlnc values that hD/k approaches (from above)
as @ .decrcases--areshown in table I,-Which is ‘-I---s---
reference ~~

TABLE I. - LOWER LIM~lS APPROACHED .BY hD/’k AS

Conditions assumed

Circular tubes;
constant wall temperature

Circular tubes; constant
heat input per unit length “

~tiite flat plates;
constant wall temperature

~finite f?.~t @at~sj constant

heat input peitunit leng:,h

Parabolic
velocity

,distrlbution

“3.66

4.36

7.60

bULLUIL J.L-UiU

Q DIJCREASES

Uniform
velocity

distribution

5.80 .

8.00

9.88

12.00 “ .

Values are gfven for both a parabollc velocity”distribution
and a uniform velocity distribution, under the assumptions
of constant wall temperature and constant heat Input per unit
length. Generally, none of these conditions is reallzed in
practice. h lleu of’mare directly applicable results for
cases occurring in practice- ho’~ever~It ma~ be %ound con-
venient to estimate, from the data of table 1, the value of
hD/k for any given set of conditions. For the sake of
safety, the lowest of the more nearly applicable values given
in the table mtght be used as the average value .of’hD/k
throughout the tube.

Mean Temperature Difference ~

When the heat-transfer coefficient h is constant and
the temperature or the fluid clmnges linearly with the amount
of heat transferred to or from It, the proper mean tempera-
ture difference ~ for use in equation (3)

H =hS~ (3)
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k -.

1s the logarithmic-mean temperature difference

(11)

“Allequations and numerical data given in the present report
for correlating and calculating values of h are based on
this definition @ mean temperature dlffqrence. Two other
definitions of AT have been used, however; In the litera-
ture: the Inlet
mean temperature
mrresponding to

Althou~ the use

temperature difference and-the arithmetlo-
dlff’erenco. The convection equations
these deftiltions are, respectively,

of these alternative definitions of’tempera-
ture d~fference Is permissible, the use of’the-inlet dl~fer-
ence in particular is Inadvisable because it does not permit
correlation of test results over a wide range of the
variables thEt determine the rate of’heat transfer.

~ many cases, when the difference between ATi and
ATO is not too large a part of LTi, the arithmetic-mean
difference def’inedas

q= ~(ATi+ ATO)

can be used, with negligible error, instead of the logarithmic-
ean difference.

l!
In fact, when ATO is larger than

1!
AT1~ the error caused by using the arithmetic-mean rather
han the logarithmic-mean temperature difference is less
than 1~percent. .

Consider the case in which part of the heat-transfer
surface area is fin area; that 1s, part of the surface is
indirectly heated. The heat that Is transferred to the
fhaid f%om the directly heated part of’the surface traverses
only a short path tn the metal and therefore experiences a
relatively small thermal resistance in the metal; whereas .
the heat that is transferred from the surface of the fins
traverses a relatively long path in the metal and experiences
a relatively large thermal reslstance~ The result Is that
the surface of the.fins operates at a lower temperature than
the direct surface. A fin is therefore less effective, per
unit surface areu, than direct surface for heat transfer.



‘1
..

22

A fin effectiveness f oan be defined as the ratio

*=*
ATd

where ATf Is the temperature difference between the fln and
the fluid and ATd is the temperature difference between the
unflnned pafitof’the surface at tltebase of’the fin and the
fluid. Tbr this case, equation (3) becomes

..
i =~d~+hsf~f .

= h (Sd + Sff) ~ (12)

in which ~ is based on the tem~erature of the direct
surface.

.

By using a relation developed in reference 4.it can be “
shown that, for engine cyllnders with circumferential fins,
equation (12) becomes (see i’ig.6)

. T
w

I

rb

I
.~

Figure 6. - Definition of fin

J
(13)

.

symbols.
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value of-, -.. .,,

rJ. “where

1’

Equation

straight rtis of rectangular cross seotion, the
the fin effectiveness (reference 5) is..- ---+.,,.U.-,, —— ..

tanh awf=~ (4)

(lb) oan also be used with ne~ll~ible error for the
rectangular”or the tapered circumferen~ial f’lns on an alr-
cooled engine cylinder (reference 5).

A simpler expression for f is the approximate equa-
tion (reference 6) “

f = 1.07 - O.~ aw. (15) :

The value of f from equation (15) differs from the value
from equation (~.) by not more than 1 percent for
0.50< f< 0.95. .

Applications

Heat transfer in the rqdiator. - Application of the
mater~ thbt has been ?wese~~t~an now be made in actual
calculations of’rate of heat transfer. Cmsider first the
case-of heat transfer from the wall of a circular tube to
alr flowing through the tube. Let the tube wall be kept at
a constant temperature throughout its length. Although
the case of constant tube-wall temperature may at first
appear to be one not.encountered in aircraft heat exchangers, .
actually it is the case of the aircraft coolant radiator.
The water or the mixture of water and ethylene glycol used
in radiators keeps the entire cooling surface at essentially ‘
the same temperature, which is very nearly the average
temperature of the coolant.

,.

It is desired to be able to calculate the rate of heat ‘
transf’erfrom a tube of given dimensions when only the tube-
wall temperature and the physical properties’and the velocity .
of’the alr are known. As was-potnted out previously; the
rate of heat transfer from any sur’faceis such that both the
convection equation

(3i

. .
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and the heat-b-alanceequation .

E= W’& (T. - TI) (4)

are satisfied, It is convenient to combine equations (3)
and (4) Into a single expression for H that does not con-
tain the unlmown To as-f~ilows: If’ H ~S
tween equations (3) and (b) and substitution
ZT from equation (11), “.

“hS Tw - Ti
= loge Tw =UTo

~— .

E@atlon (;}6) Is eaiily transtommd into the

eliminated be-
1s made for

,

.(16)-
..

expression

( .)
M

To -T~=(Tw-Ti) l-e
w Cp

(17)

If equation (17) is substituted in equation’(b),

If’a substitution far

and

()
hS

w Cp
Cp (Tw -Ti)l-o

h Is made from equation (~) and.if

(18)

s = Trimn

~=ip2n “

AT~=Tw-T~ “

are used, the heat-transfer”equat~onfor .USOin radiator
calcula~lons Is obtained

(W CP.AT1” 1 - e-OolR
-0.2 g

II=
)

=WcpATiq

,

It is Interesting to show”graphically the relation-be-
tween q, where

. . . . . ..
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. . .“

ATa~r- To -.T1
n=— —

-0.2 L “
, ATi -= Tw - -Ti.=

1- e-O.lR..----- ., E (20)

and Reynolds number and
Figure ~ show%ef’igure7.

,.

This relatlon is shown In
manner in which the final

1

%-l
I w 4

H I
L’=”A”!-l

1“

o 20

F@re ~. -

temperature
wall as the

LO 6(J 80 100 120 ~.O 160 180 200 ,

L/I)
Vurlation Or T with tube length-diameter ra~~o .
and Reynolds nuilber.

of.the air approaches the temperature of the
value of LID 1s Increased.

For small values of L/D, q 1s comparatively small.
For small values of L/ii,therefore, the temperature of the
alr Is increased not much beyond Its initial value. Thb
mean temperature difference between wall and air is greater
therefore for small values than for large values of L/D.
The expression for the mean temperature difference is easily
obtained, as follows: The mean temperature difference ~
Is def’lnedby equation (11) as ,

m = ‘Ti - ‘To., . . AT1
loge ~

(11) ..
.

.

. .

.

..
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.I?orA constant wali

, .

temperature, the equation.beoomes.

By a substitution from equation (17) for the numerator and .
from equation (16) for the denominator,

~=AT~~l-e~
M

q

.“

...
Because q = 1 - e

+. .
#

m -__J+nq-
W5el.v .

Inasmuch as q. can be expressed as a function of L/D and
Reymolds number alone,

the dimensionless
also be expressed

.

:
mean temperature difference ~/ATf ~an
as

(21)

.

Equation (21) is plotted in figure 8, which shows small
values of L~ “to be advantageous on account of the larger
values of mean temperature differer~ce. l?eatexchangers,
however, are designed to have not the lowest values of L/D ●

The use of short tubes and tubes of large dhmeter results
In heat exchangers that have large frontal areas.
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l.o~
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m n k i

L/D

F@ure 8. - Variation Of ~/ATj. with tube length”-diameter
ratio and Reyrmlds.number.

Problon:
:~t fl-sthe rate Of he~t transfer in a radiator composed

of ~0 tubes that are 15 inches long and 1A inch in inside
diameter? The tube-wall temperature is kapt essentially
constant throughout the radiator at 200° F. The cooling air
flows thraugh thq tubes and has a coef’flcientof viscosity
~ Or 3.6 x 10-~ slug per foot-second, a density p of
0.0022 slug per cubic foot, a velocity V of 11+0feet per
second, and an Zn:tlal temperature of 38° F.

Solution;
.

he Reynolds number of the flow Is - ““

fm= 0.0022 x 140

. .

The length-diameter

‘ 3.6x10-7x)+13 ‘“
.

= l~,800 “

ratio of the tubes is .

=15X4 “
6,. “.

=60,
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~om figure .7,-the value of q IS found to be 0.58. The
rate of f’loti1s

w = gAfW . .

x J+@ x 0.0022.X 40

= 1.49 lb/seo

The rate of heat transfer is then given by equation (19) as

H= W cp-ATi q

= 1.49 x 0.2Y+x (200 - 38) x 0.58 .

= 33.6. Btu/sec .

Heat transfer from air-cooled engine c linders. - The
rate of heat transfer +from an engine cyl nder~clrcum-
ferentlal fins to the cooling air can be calculated by equa- . -
tions (13) and (4.). The quantity ~ is properly the
logarlthmi.c-meantemperature difference, although the
arithmetic-mean difference can be used with small er~r.
(See section entitled ‘flteanTemperature Difference AT.lt)
In the calculation of the effect of’ckwnges in the fin
dimensions on the rate of heat transfer or on the wet t

rrate of flow required to cool a cylinder, equation (8 is
sufficiently accurate for determining the coeffi.clent h.

IIFATTRANSFER - BETWEEN Two FLUIDS

“All the foregoing discussion of’part I applies to the
transfer of heat between a fluid and a surface. In heat
exchangers, the heat transfer takes place between two fltiids

“ separated by a wall. The temperature gradient between the
two flulds at a representative point is shown in figure 9.
The discussion of the simpler case of heat transfer between
a fluid ‘anda solld is pertinent because the heat exchanger
is simply an extension of this case in which there are two
combinations of fluid and surface.

.
Basic Equations

As in the ctiseof heat transfer between wall and fluid,
the rate of’heat transfer in a heat exchanger is determined
by an energy-balance“equationand a convection equation.

.1

.,
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Figure 9. - Temperature-gradient between the two fluids In
a.heat exchanger,~

The energy-balance equation applles to each of the two fluids
In the heat exchengelh. l%r the cold fluid,

H“= Vic CP (T. - Ti)c

For the hot flutd,

The convection equa:lon, which is similar to equation (3),
la

H= htSt ~ (22)

The quantity ht is the over-all coefficient of heat
transfer between the two fluids and is a function of too many
quantities for a simple correlation equation, such as equa-
tion (5), to exist. The value of ht, however, oan be
calculated by use of the followhg equation:

...,
1 1 1

.—
● htSt=~+~

(23)

m equatlpn (2s), hl 1s the coefficient of heat transfer
between one fluid and thp surface S1 .In contact with it,
and h2 is the coel?f’ictintfor the- other-fluid and the
surface S2 In contact with it. Each of these coefficients
can be calculated by the equations given in preceding se@-
tions. The values of S1 and S2 generally are different, ..
because one may be based on the inside diameter of a tube .
and the other on the outside diameter or one may be based on
a finned surface and the other on an untlnned surfaoe.

—— _- —.
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The quantity St is the &rfaoe area that Is to be
‘“usedin conjunotlon with the over-all coefficient” ht.
Actually, ht and St always occur together and always as a “
product and,-therefore, only the-value of the product htSt
generally Is of interest; “ The value of ht is not measured
directly but is calculated from equation (25). Should it
be necessary to lumw the value of ht, hawever, lts valu9
can be obtained from the value of htSt by assigning any
convenient value to St. For example, St may be taken

“ equal to 91 pr to S2. For circular tubes, St may be
based on the logarithmic-mean diameter of the tube. h a
heat exchanger In which f’latdividing plates are used, such
as the Harrison intercooler, it is convenient to take the
dividing-plate area as St.

Equation (25) Is a resistance equation, In which l/hlSl
Is the thermal resistance between one fluid and Its metal

.surrace, @2S2 Is the thermal resistance between the other ~
fluid and Its metal surface, and lfitSt Is the total or
over-all thermal resistance between the two fluids. Actually,
the right-hand side of equation should contain a third
term t/kmSt, which represents the thermal resistance of the
metal wall between surfaces 1 and 2. For metal walls,
however,.the magnitude of this term is so small in comparison
wtth the other two terms that the term can be omitted from
the equation.

Mean Temperature Difference
.

The present section is a discussion of the oalculatlon
of.tliemean temperature difference between the two fluids in
a heat exchanger, that 1s, of the average value throughout
the entire heat exchanger of the AT shown in figure 9.
~ this discussion It Is convenient to use nondimensional
quantities. The three quantities to be considered here -
drop Inatemperature Gf the hot fluld, rise in temperature of
the cold fluid, and mean temperature dll?ferencebetween the
two fluids - are made dimensionless by dtviding,by ATi, the
difference In the inlet temperatures of the hot fluld and
the cold fluid. Thus, -

ATh
E

. Drop in temperature of hot fluid
‘m Difference inlet temperatures

ATC Rise in temperature of cold fluld
n ‘~ = Difference In inlet temperatures “.

k

.
..
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m( ..=. Mean temperature difference
Difference in Inlet temperatures

Equation (22) may then be written

Equation (4) may be written, for the hot fluid, as

H = Wh Op~ ATi ‘

(24)

(25)

and, for the cold fluid, as .

Ii= Wc Cpq AT1 (26)

The two fluids In a heat exchanger may flow parallel in .
the same direction (parallel flow), parallel in opposite
directions (counterflow), or at right angles to each other
(crossflow). “m ~arallel-flovvand counterflow exchangers,
the temperature difference between tho two fluids varies c
along the len@h of the exchanger, as shown In figure 10.
For countcrflow, the r,eantemperature difference between the
two fluids in nondlmenaionkl form Is

c ~-l~-q= (27)

l“fJe1 - g

For parallel flow, the mean temperature difference in nondi~
menslonal form 1s

For the parallel-flow heat exohamer, the sum of & and ~
cannot exceed unity. For given values of ~ and q, ~ Is
less for parallel flow than for either arossflow or
oounterflow. .

- .-: s illustrations of’the oaloulation of ~. consider..-
heat exchangers in which the hot air enters at”50Q0 1? and
leaves at 100° F and the cooling air enters at 10° F and
leaves at 90° F. The Inlet temperature dlff’erenceis

AT1 = 300 - 10

= 2900 %’
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The drop in

I . .
I

L
(a) Parallel flow.

‘=’-’-+
L

(b) Counterflcw.
- Temperature gradients in paralleL-flow and.

counterflow heat exchangers.

the temperature of the hot fluld is

ATh = 500 - 100

= 200° F

. .

. .

.

= 0.69

. .
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For

...

in the temperature of the oold fluid is

.t,,. ATO”=-9(Y- 10- ”...- . . . .

. s 80° F

80
‘~

= 0.28

counterflow, by equation (27),

parallel flow, by

lo6e ~ -i-n
0.69 + 0.28=

loge ,
1

A- 0.69 - 0.28

0.97=
1

10ge ~

. .

. .

(27)

(28)

= 0,28
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I

n a crossflow exchdnger,:the temperature difference
between the fluids varies not only along the length of the
exohanger but also across the wtdth. Figure ll”(taken from
figures 3 to 5 of ref’erenoe7) shows the~~istrlbution
throughout a orossflow heat exchanger of’the temperature uf
the hot fluid, the temperature of’the cold fluid, am the

,

%

/

L---

AT”%l-Tc

1/ J/-’

Figure 11. - I)istributionin a crossflow heat exchanger of
the temperature of the hot i’luid,the temperature of the
cold fluid, and the temperature difference between the two
fluids. (l%romfigs. 3 to 5 of reference 7.) “
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temperature difference between the two fluids for a repre-
sentative set of conditions. The quantity ~ = ~ ATI 1s.
the mean valu-e,---- ..---—.,..- t@oq&hcyt the qxc~er, of the temperature....
dlfferenoe between the two fluids.

....-.
For ‘thecrosaflow

exchanger, there is no simple exact expression rolatl
T

t,
& and q. The values of ~ for various values of and
q have been calculated by Nusselt (rererenoe 8) and are
presented in table II. The data of table II azze@otted in
figure ,12with l/~ as a f’unctionof ‘Ccpflecpe and ~.

TA= 11. - VALUES OF ~ .FOR CROSSE!LOW(FROM REFERENCE 8)

0
.1
.2

95
.6
●’7
.8
99
1.0
—.

o

.CMo
●947
●@3
.836
.781
,721
●657
.586
.502
.388

0.1

0.947
● W3
.840
.786
.729
.670
.605
9533
.448
.338
0

TOT
0.8930.838
.@ .786
●7f% .734
.~314.682
.677 .Gq
.617 .565
.552 .502
●m .43D
:g: .348

.21+y
o ,0

O*4

0.781
.729
:2;

.5;

.513

.449

.37a

.TOO

.206
0

0.5 I 0.6 i0.7

0.721 0.6570.586
;:: .605 .533

.552 .l@o
956 .502 .430
.513 .449 .370
&J :g: ●g:

#

.%6 .271 :213

.251 .201 .151
‘.167 .128 ● 089
0 0 0
I

0.8

.5(e

.448

.8
z
:W
.251
.201
● 151
● 100
.052

0.9

3.388
●338
.292
.247
.206
.167
.128
.089
.052
.W2
D

1.0

0.
o“
o
0
0
0
0
0
0
0
0

Problem:
*~t Is the value sf ~ for a crossflow heat exohanger

for the values of ~ and q used in the preceding example?

Solution:
~r 5= 0.69 ana ~ = 0.28, table II gives t = 0.4.47.

Figure 12 can also be used to find ~. Because
.

_ 0.69
0.28

-.

= 2.46
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the abscissa 1s 2.46. Therefore,

? =.=4 “

and

6

5

h

I/c

3

2

1

I

N
i

I

I ‘
.—

--t

.—— ..

1 -
I..-. .-.

—
0 1 2 3 4 5 (

vJccpc/%cpe

l?@ure 12. - Mean temp~rature difference In crossflow - l/~
as a function of’ WcCpcflJecpe and g. (Data from
reference 0.)

The values of the ratio of ~ are sk~ &for crossflow to
oounterflow for various values of’ ~ and q
table III, whloh Is taken from reference ~. It is olear
that, for given values of’ ~ and q, ~ is ‘&eater for

——
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TABLJJIII. - IUITIOOF ~ FOR CROSSFLOW TO ~
....

FOR ‘COU’NTERFLOW(FROM-REFERENCE.8] .. .

(1

0

i
1

1
1
1

1

;
1

0.1

“1.000
.996
9993
.$PO
99

fit.9
.980
.9 5

z.9 1
.928

0.2 0.3

L● 000
.9 2
8

;; $
I.9 2

.950

.935
● 11
?. 72
.801

0.5 0.6 0.8

1.000
:9$;

%
:8’$

n
: 6?4
.500
.360

0.9

L.000
9 37.
& 3

:810
.8
R: B?

z 85 ‘
:360
.220

oounterflow than f’orcrossf’low. h“ other words, the surface
area required with cmnterflow is less than that required
with crossfiow. It it?customary, however, to muke aircraf’t
heat exchangers of the crossflow type because it is much
simpler to connect manifolding or duets to the crossf’lowtype “
than to the oounterflow type. (See also section entitled
“Applications to Des@n.ll)

The assumptions u~on which equatlona (27) and (28) and
the data 01’tables II and 111 arc based should be mentioned.
These assumptions are (1) thet the temperature of a fluid is
a linear function of its heat load and (2) that ht is con-
stant throughout tke lheatexchanger. The first assuretion
is almost always justified. t(See equations (4) and ( O).)
For turbulent flow, the second assumption Is justified. Fort
laminar flow, however, the second assumption means that the
equations for t given in this section are “strictlya pllcable

7only when Q (fig. 5) has a value low enough that hD k is
independent of @ and therefore independent of L.

PRESSURE LOSS

The flow of’the cboli~ alr through heat exchangers Is -
accompanied by losses In total pressure. These total-
pressure losses result principally from 8tat.ic-pressurelosses
that are caused by frlctton and by the increased momentum of
the heated air. The loss in total pressure that is caused by
the abrupt expansion at the exit from a heat exchanger is
~lscussed in the section on ducts.

— . . .
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.“
Friction Pressure Loss

nr both turbulent and
the drop in static pressure
the equation

Apf

.

laminar flow in straight passages,
caused by friction Is given by “

L P@.@mT (29)

In which D is the hydraulic dtsmeter of the passage.

The quantity f In equation (29) Is lmown as the fric-
tion factor. The value of f is 8 function of.the kind of
flow, the roughness of the sukface, and the fluid properties
and velocity.

For turbulent flow through smooth tubes, f is shown as
a function of Reynolds number in figure 13, which is taken

f

#

9

1.0 1
7 – ,

4
i

I i
2

!
,1‘\
7

4 ; ‘
2 Lamina~

...

4

“.

.

.
Reynolds nuber, R

Plgure 13. - Friction factor f as a function of’Reyn~lds
number R for lamlnar flow In circular tubes and turbulent
flow In smboth tubes with cross sections of any shaye.
(From fig. 51 of reference 1.) .

.

.
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from figure 51 of reference 1. The part of the curve that
applies to turbulent flow f,sbasad On many experiments with-,...
“tti?jeswith cross sect~ons-of-various-shapes. I@r Reynolds
numbers between 5000 and 200,000, the curve of’figure 13 is
given by the following equation, also taken froIureference lx

f.Q46
RO.2 .

(30)

For turbulent flow through smooth straight passages over a
wide range of Reynolds numbers, the static-pressure drop due
to”4frictioncan therefore be.calculated by the equation .“-

(31)

Problem:
~loulate the friction pressure @op in a tube, 1A inch
in diameter and 2 feet long, through which air is flowing at “
100 feet por secor.d. The average fluid properties in the
tube are those of standard sea-level conditions. ,

Solution:
l?romappendl.xB &nd figure 67, the fluid properties are

P = 0.002378 i3@#CU ft

w’= 3.73 x 10-7 slug/ft/see”

The Reynolds ntiber is

0.002378 IOQ
= 48 x 3.73 1 10-7

= 13,30Q

By:equation (31),

Apf = 0.092 pv2~&

.

.

= 0.092 x 0.002378”x d+ x 2 x.M
(13300)0”2

= 31.4 lb/sq ft

.



For lamlnar flow throu@ smooth straight passages.,the
value of’the friction faotqr “f In equat:on (29) 1s

c“”
$f’= ““ . (32)

●

For lamlmr flow, equation (29) therefore becomes

Apf =2 C3PV5 (33)

The calculated values of’ CZ for passages with cros”ssee- .
tlons of varims shapes are’shnwn In f@ure I&, which is
taken from reference 9. These theoretical values of C3
are well supported by experimental data (reference 1).

For the flow of’eir across banks of’circular tubes, the
static-pressure drop is given by .

(34)

where L is the”length of the tube tmnk In”the direction of
flow and IJ/31

?
“is the number of’tubes.on which a particle.of

fluid can jinpnge as it Flows tlu?ougLthe bank, that 1s, the
number of contractions and expansions,

Experimental determinations of tke values of f can be
correla%d by the equation

f= c&.
. . ~~o● 13

The value ~t Ck depends on the spacing and the
of the tab~n, that 1s, oa the ratios rep/D and
on whemtherE---etubes are staggered or in line.
of Cll as a function of spacing have been talcen

(55)

arrangement
MD and .
The values
from the

data ~f reference 2 and are giv~n in figure’15 for the in-
line tubes and in figure 16 for the staggered tubes. The
data of flguyes 15 and 16 are applicable only when the tube
bank Is’at lsast 10 rows deep; they are most nearly accurate
for a Reynolds number of 8000 and, for i~st purposes, are
sufficiently accurate over a fairly wide range of Reynolds
numbers.

Problem:
Ffnd the pressure drop across a bank Of tubes O-5 ~ch,

“indiameter. The tubes are in llne with
?

= 1.0 inch and
m = 0.75 Inch; the bank Is 2 feet deep. A r flowing across
t~e bank has the following average properties:

.
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.

(

.

25

24

23

22

20

C3 19

18

17

16

lJ

4

13

v=

4 x 10-7 slug/f’t-seO

“0.”002-sl-@cu ft .

50 ft/sec

I I I
I I I 1’ I I

I l’.
I ‘,

/-r~++tH-t+
m ,

I

w--f’+ I
Circle

e–
Circle

I

. . .

)

Ratlo,

Ratio,

.2 1
●4 ‘ .6 .8’ .1. 0

1+1

depth, a
width, b -+~”

(rectangle and ellipse) ~
,

inner diameter
outer diameter

(annular ring)

,

,

Figure 14. - ProportlOnal~ty constant C
2

for lsmlnar flow
in ducts of various cross-sectional ah pea. (Data from
reference 9.)
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C4

Tlo
0

1

Figure
flow

1.2 1.4. 1.6 1.8 2.0 2.2 2.4
m~

15. - Constant CL as a function of
of air across in-iine tubes. (Data

Solution:
The Re-ynoldsnumber Is

R=

=

pvr)
T

00002 x 50
24 X4 X1O-7

10,400

%
-r = 2.0

2.6 2.8 3.0

tube spacing -
from reference 29)

3’= 195
..

From figure 15,

C4 = 0.13



.
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The friction factor then 1s
. ... #

(?.
..

-++3f=R,

= 0.039

By equation (34), , “

A?f = 2X’“~~p PV2

= 2 x 0.039 x + x 12 x 0.002 x 2500.

= 12.5 lb/’sq ft

..

.7t—

1.0
C4

.3— ---+--- — - ~ y - -l@-m -1.50

9

--t

2.02.—
●L -..

-----

Xl -~t , .

9 —-.. —
1;0 1.2 lm~-—;.6 1.8 2 .0 212 2.4 2.6 2.8 3

.

.0

Figure 16. - Conat~t C on of tube spacing -
flow of air across at IData from reference 2.)

.

t
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Momentum-)2mrea8e Pressure Loss

When heat is added to the oooltng ah that is flowing “
through a tuba of const~l~t Cr03S-Sf3CtiOnd area, the density
of the air is decreased and Its velocity Is Increased. Be-
oause.of the increase In vel city, the momentum of the fluld,

9which Is proportional to PV , is increased. The Increase
h momenlim is accompanied by-a ‘ - m “-

..

ma~~ltude of wh:.chis given by

= pzva

arop In szatzc pressures the.

(v~ - Vl) . . .

(V2 - VI)

= 2 (qz - ql) . (36)

(~r “thederivation Of equ~tlon (36), see the derivation of

\
equation 46) in the following section entitled “Energy
Balances.’ 1

ENERGY E4LANCES

~ the present section, the energy equations that govern
fluld flow are given. M a subsequent section, these rela-
tions wtll be used in the calculation of
operation of heat exchangers. “

The following discussion applles to
through some such general arrangement as

the power cost of

steady-flow conditions
that shown in figure 37,

1’
1, 2

/“—— ‘ —“- \
/ 4/ — 1~

1

=1 : .A#---
1+1 ~\

I -\_

_/
—.

_/ -— —— -.

1- -— — ‘-- “ ! 1 “-
—

-—_

+——— ——— +—-t-- — — — —— —-

. —.

.—.
-—

-L- -- — _
-\_+. .-EL. ---z--––

-—_ —-

Pigure 17. - Schematic representation of heat exchanger in duet.

—-——. - . . . ..
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which represents a heat exchanger
... station.0, free-str.e~ conditions

installed in a duct. At
exist. Station 1 is

taken just within the “fieat-bxc~er en~rancb-and station 2,
just within the heat-exchanger exit. Station 3 Is at the
exit of the duct.

Total Energy Bal@ce

. Consideration can be restricted to the total energy of
1 pound weight of fluid. A useful energy-balance equation

“ can be developed for unit weight of fluid In terms ot its
properties at stations 1 and 2P

“The total energy of unit weight of fluid at any station
is its Internal or intrinsic energy plus Its kinetic energy.
The total energy of ●nit weight at station 2 equals Its
total energy at station 1 plus the external work done on it
plus the heat energy given to it; therefore, “

(37)

(Equation (37) Is exact for a uniform velocity dlstributlon,
that is, for V constant across the tube cross section.
For the velocit~ distribution of’turbulent”tlow In circular
tubes, the kine~ic energy Is about 5 percent to 10 percent
greater than V-/2g, where V Is the average veloclty at
the cross section. Tbr the velocity distribution of laml-
nar flow in circular tubes, the kinetic energy is twice
v2/2g,) If there is no pump, fan, or turbine between
.statlona1 and 2, We IS composed of two parts; The work
done on unit weight as it 1s pushed past station 1 by the
fluld behind it -d the work-done by unit weight In passing
station 2 on the fluid ahead of it; that is,

We = ~-~
6P1 8P2

“, (38)

Therefore,

(39)

.“.

.
.,
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.

The difference in internal energy at-the two stations
is defined by the equatton .

P1 “Pa ‘
J(Ul-U2)+— -—= Jcp(T1-T2)

8P~ 8P2

Equation (39) can therefore be written as

V22
JcpT2+—

V12
=JCpT1+~+J

2g i

The”general gap law

and the relation

R= J (Cp - Cv)

can be used in equatfon (LO) to obtain the equation

(40)

(41)

Equation (};1)ia the equat~on for total energy balance
and is one form of express~.onof Bernoulli~s well-known
theorem of the conservation of energy. Equation (41) is
applicable in all cases uf fluid flow except those in which
the velocity distribution is not constant over a cross sec-
tion, there Is a pump or a turbine in the system, and the
general gas law does not hold. It Is applicable, for example,
when gradual or abrupt chan5es In cross-sectional area ocour
between stations 1 and 2.

For air, equation (41) simplifies to
4“

Mechanical Energy Balance

(42)

A useful energy-balance equation can also be written in
terms of the mechanical energlea involved. The mechanical
energy lost per.unit weight of fluid by friotion - that is, . “
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.

,.., the me.chanlcalenergy which is converted into heat - Is
called F. The total rnechinlcalwork Wm done by the
fluid on itself and Its surroundings is then given by

dw~ = ()-dF+~d~ .?

Also, the famillar’equation of thermodynamics relatlng
Internal energy, heat received, and mechanical work done is

Therefore,

dWm = Jd@-JdU

‘du+w!!-’d(io=d~
Equation (39) can be differentiated to give .

llromthe last two equations, therefore,

dJ+~v+dF=o
8P 6 (43)

Equation ()+3)is the mecfinical-energy-balance form of
Bernoullils theorem.

Under most circumstances, the exact integration of
equation (43) is not possible. Consider,”for example, the
equation

The quantity p generally
the first term 3.neauation
integration can be ;arrled
Incompressible fluids, for
f’orthe ~sothermal flow of’
tional to p.

.

2g +F=o (44)

i.

1s an unknown function of p and
(~) cannot be evaluated. The
out for some special cases. For
example, p is constant. Also,
compressible fluids, p .Is propor-

In the general case .Qf.compressible fluids, an approxi- “
mate solution 1s

P2 - P1 + V22 - V12

6P 2g
.

--mm m . . . mm. m . m m . . ---- —----

+F

..

= o (45)
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1+8

I!brpassages of constant ‘cross-sectionalarea,

pv = Conetant

and equation (43) can be ~~ltlplied through by gp and
Integrated to give -

P2 - pl + pv (V2 -Vl)+Apf=O

Equation”(~6) cen be written

(46)

P1

The equation is exact
lated exactly because

“ following equation is

- pz =Ap= Ah + Apf

but, in general, Ap
?

cannot be calcu-
the variation of with L in the
not known: ,

An approximate Integration is

The value of

Equation
tions O and 1

Equ~tion (40)

This relation
tion 1. Vcr

2fpv VLApf = ——
D

.

Adiabatic-Flow Equations

(47)

‘LO) can be &pplied to the flow between sta- .
& figure 17. This flow is adiabatic, that is,

then becomes
“Voz - V2-2

T1 = TO+~gcp: (48)

is used to co~cul~te the temperature at sta-
air,

.T1 =T()+ (J-:G 2 (V(f - Vp} (49)

..
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“ If’losses..lntotal pressure”thatqay occur between
stations O and 1 are neglected, the adiabatlo relation “ -

h~lds, and It oan be shown that the pressure and the density
at station 1 are given by

(50) ‘

.

Expressions i’orTotal Pressure

The total pressure in a stream Is defined as the statio
pressure that wmld exist if the stream were brought to rest,
that is, the static pressure at a stagnation point. It can
be shown (reference 10) that, in a compressible fluid, the
total pressure Is glvon by

H =
( )

1 V2+p l+ ’*. yY-

For air, equation (51) becomes

where the

Ml

veloclty

H=
(

pl

=
[PI

of sound

POWER COST

(51)

(52)

..
.

. .
.

#

approximate caloulatlon of the power cos”tof a heat
exchanger can be made by rather simple approximation formulas.
The net power oost can be considered the sum of the power
used In forcing the cooling alr through the exchanger and the
power used in transporting the weight of the exohanger minus
the thrust power that Is recovered from the heated cooling
air. Simple approximation formulas can be used to oaloulate
the cooling-air pumping power and the thrust power.
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Au exact deteriul~tion of the power cost of a heat
exchanger can be mde by adding the cost of trmisportihg the “
weight of the exchanger and the power expended in changldg
the momentum of the coollng air; the power expended in
changing the mome~tum of the coollng air is

p= :Vo (V(J - V3) (53)

A rather complicated but exact method of fInding V3 “is
explained later.

The form drag of’a heat-exchanger installation Is not
considered In the present discussion.

As in the preceding section, the formulas that are given
~er.etnfor calcu?.atlonof power cgst are stated in terms of ‘
the conditions that e:~istat the stations O to 3 of ftgure 17.

Approximate Calculation of Pbwer Cost

Cooling-air pumping power. - The power expended in
pumping the coolfig a~r between stations 1 and 2 Is

‘.=:( ?-2) ( 54)

Although this expression is exact,
unwieldly for general use. It is
the approximate expression

it is a llttle.~too
more convenient to use

\/d/

where ~ 1s the average volume rate of flow. The value of
“~ Em be calculated ~rom t~ average density or the average
velocity

.
q.~.~~

&tJ

Weight-carrying
to-transport the wel

power expenditure required
exchanger is

%=’cD~ %% .-. (56) ‘
. .

-. — —
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“+- @he.-product
quantity c
the mounting

~v-- Is the
Is a fuctor
required by

shown that G generally

weight”of the exthanger. The
that takes account of the weight of’
the exchanger. “ Experience has
has the approximate value 1.5.

Scoop-drag power. - For some installations, as when an
exchanger Is who~ly or partly installed in an external scoop
or duct, it may be desirable to take into account the dr13g
that Is associated with the frontal area of the scoop. The
drag power of a scoop is given by

If the scoop Is well designed (see section entitled ‘iThe: “
Cooling-Air EntranceIf),the drag coefficient CD based on
the projetted frontal area has a value of about ~.06.
fig. 41 and reference 11.}

(See

Conversion of’heat ener~ into thrust ower. - A part
of the neat el~ergyibat is l&nsf’sr~~r between
stations 1 and 2 (fig. 17) can be converted into thrust
power. l%rmulas ~cr the approxlm~te calculation of the”
recovered thrust power tiregiven in the present section.“

One of the themo~marnic processes by which heat energy
Is tranof’ormedlntm mechanical enerCy is known as the Joule
cycle. In traveralng thts cycle, the working substance
gaes through the following stages: adiabatic compression;
addition of h6at at constant pressure;adiabatic isentroplc
expansion; return, at constant pressure, to initiul conditions.
The cyole is represented by the path ABCDA In figure la.
somewhat slmil.arcycle is traversed by the cooling air thatA
flows through the arrangement depicted in figure 17. There
is an adiabatic compression uf the”alr between stations O “.
and 1. Heat Is transferred to”the air between stations 1 .
apd ?. The air expands ”adiabatilcallybetween stations 2“
and 3.. After passing station 3, the air returns to original
free-stream conditions of te~perature and density.

.
The rate W at which

from the heat input In the
..

...

W =JH
. . ..

‘m

mechani.ca”lenergy 18 recov&able “
ideal cycle ABCDA 1s
..,.

[1,-..(~p] “

( )T() + 460” ‘“
1- ‘-O . (57)

—
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~igure 18. - Diagram of p against v for Joule cycle.

Three assumptions that were used In the derivation of”
equation (57), which are not exactly ‘trueIn practice, cause

.the rate of recoverable mechanical energy In the actual
cycle to be less than in the ideal cycle. One of’these
assumptions is that H is given by equation (4.). Actually,
equation (40) should be used. Another assumption 1s that
the heat Is transferred to the alr at constant pressurb.
Actually, there Is a fall in pressure between stations 1 &d
2 and the actual path traversed during the cycle is somewhat
as shown by ABC?DA in figure 18. A more nearly accurate
value of W can be obtained by using in equation (57) the
average of p

$
and p2, instead of p .

$
The third assump-

tion is that he expansion between sta ions 2 and 3 is
isentroplc. In the actual case, this expansion entails a.
10ss In total pressure. . r. .
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~ order to obtain an expression for
that Is obtained from the heat Input, the

1------~ (equation-(57))must--bcmultipllod~by the

the thrust power
quantity W
efficiency of con-

version of ti9chanicalenergy ‘titothiust energy. This effi-

~
2V0

olen~y 1s if V3 is less than VO and ~
- if v~ 1s greater than v~ ●

According to equation (57), the efficiency of the Joule
cycle W/JH depends on A(l!, the rise in air temperature be-
tween the free stream and the heat-exchanger entrance, . ‘
because

T1 = To + Al?

By equatlbn (49), AT Is proportional to the difference -of
the squares of the free-stream velocity and the velocity in

‘ the heat-exchanger entrance and

‘T=* ‘vo2- ’12)
The etficienc of the cycle accordingly Is quite small unless
V() Is large Tof the order of 600 fps or more) and V1 1s
much smaller. At low altitudes where Vo is small, there-
fore, the mechanical power obtained by conversion of the
heat input is quite small.

It might be expected that the efficiency of the cycle
is highest at highest altitudes whero VO is largest (if
it is assumed th&t the critical altitude Is not exceeded).
That this fact is not necessarily true can be shown as
follows: Consider the isothermal region of the atmosphere
In which To is constant. At f’irst,as the a titude of

$flight Is increased, VO, the quantity V02 - V1 , and the
efficiency W/JH increase. As the altitude Increases
further, however, the heat exchanger may become unable to
perfom the necessary heat transfer unless V1 increases
rapidly. “ In that case, although VO increases, V02 . V12
and the efficiency decrease. These ef’fectsare shown in

s figure 19, which is taken from figure 20 of reference 12.

.

Exact Calculation of Power Cost

If’the velocity of the coollhg alr at the exit “from
the duct V

d
Is known, the net cost of cooling (exclusive “

of the wet t-carrying power) mm be calculated by the

-.— . .
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l?igure19. - Thrust horsepower recovered from cooling air in
percent of engine brake horsepower as a Lfunctionof alti-
tude for the airplane considered in reference 12. (F%om
fig. 20 of reference 12.)

equation .

P
.W
~vo (Vo - V3) (53)

TWO methods of finding V3 are given b.ere. The first
consists of statton-to-station calculations- The second
can be used when the icss in total pressure across the entire
system, that is, between stations O and 3,is lmown.

By the first method, the value of V3 ia obtained by
first calculating the conditions at station 1 from those.at
station O, then the conditions at station 2 from those at -
station 1, and finally the conditions at station 3 from those
at station 2. The equations that are needed in the calcula-
tions have already been given in the section entitled ‘fEnergy
Balances.i’ The method ~f calculation is illustrated by the
following example (see also reference 13), which is simpli-
fied by assuming values for certain quantities.

Assume that the heat exchanger (fig. 17) has an open
frontal area Al of 1.8 square feet, that it dissipates heat
at the rate H of 353 Btu per second, that it requires a
weight rate of flow W of 1.4.34. pounds per second, and that

.



the friction pressure drop Apf In the exchanger 1S 36
pounds per squaznefoot. Assume that the airplane is flying
a-t600 feet per second at an altitude of 25,000 feet in
NACA standard atmosphere. ‘ .

~ Conditions ‘atstation 1. - The value of V
t

can be
found by a simultaneous solution of equations ( 9), (50)j
and the equation

w=

The values of “
(49) ~d (50).

Tl~ pl~ and
The values

TABLE IV. - VALI!!SOF

gAPv
PI are obtained from equations
are given In table IV.

QUANTITIES USED IN lIKAMP~

Station (f;s) (SIUJCU f’t) (lb/s:.ft) (°F ~bs.) (sqAft)

o 600 0.00106
3

;~
200 .00123 2 g! ;:~-

: 258 .000 60
i

916
3 596 .000 60 ~a~ 532 187

p-onditionsat station 2. - The values of the variables
at stctyo~”-e obtati~ by a simultaneous solution of
equations (@) and (~@) and the equation of continuity

PIVIA1 = P2V2A2 (58)

In which Al = A2. .The solution of these equations gives,
for the conditions at station 2, the values shown in
table IV. - .

Conditions at station 3 - The static pressure at sta-
tion 3 is very nearly the st~tlc pressure that exists outside
the duct tn the region of station 3. If flaps are not used
at the exit, the pressure there is practically free-stream
pressure. ‘If p

9
is substituted for p ,.the exit velocl.ty,

temperature, and enslty can be calculatea from the equations
for adiabatic chqnges (equations ()+9)and (50))

-%-

0.132 (V22 - V32)T3 =T2+
1

and

(b9)

(50)

— ..-.
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The values are as given in table IV. As was pointed out in
reference 13, sllde-rtilecalculations are not sufficiently
accurate for a satisfactory detemninatlon of V3 f’romthe
two preceding equations.

Aa soon as the value of V
?

is known, the net power
:ost of the heat exchanger (exe usive of the weight-carrying
power) Is easily obtained from

P
=W~ Vo (Vo - V3)” (53)

.-A54 “X 600 x (600 - 596)
32.2

= 1070 ft-lb/sec

Slmpl.ii’ledcalculation of’power cost. - A stigle equa-
tion can be develope~t will give the power cost of the
heat exchanger, provided that the loss in total pressure.
between stations O and 3 is known. Equation (@), the
energy-balance equ~tion, can be”applied between stations O
and 3 to.give

~52 V02
+yL9=_2_++po g.—

2 -lp~ -@+J6w (59)

The ratio p3/P
?

can be eliminated as follows: The total
pressure at sta ion 3“is equal to the stagnation pressure
that would exist !f the fluid were brought to rest and is
given by equation (51) as

Then,

?Lu
P3 2y

(51)

By substituting this expression for P3/P in equation (59)
and slmpllfylng, an expression for V3 1~ obtained In the
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, .?OW. . .. .

( -=++J.:)[1 -(:?)+]“(6.1-X=fi+ y
2 2y

The equation Is.easily modified to read

Vo - V3
V(-J =

(
l-l+ - *+2#fii[l.($)q (61,

For pz there can be used kppo, where

If flaps are not used at the extt, the pressure coef~lcient

Zessure AH i~ known
has a value very close to.’unity. If the loss in total

. , H3 can be found as

and equation (61)

to find the power

H3 =H()-AH

can be used with equation (53) “

P =3 V()(VO - V3) (53)

cost●

APPLICATIONS

Yhe Information necessam

TO’DESIGN

for calculattm rate of heat
transfer, ~essure drop, and fiowercost for v=rlous des@nA
has been presented. A number of questions arising from
application of’this information to the design of heat
exchangers remain to be discussed,

.- .9. 3 . I -. ,.,-- Size of Passages
~.

The pressure drop available for a heat exchanger is
frequently none too large, especially at high altitudes.
The pressure drop required by a heat exchanger can be reduced,
for a given rate of ileattransfer, by increasing the .arnount
of surface area S and decreasing the velocity V and the
heat-transfer cmeff’icient h. Pressure drop is proportional

-m Immlll-m



58

to V1’1 The quantity H Is proportional to SVO*8. It’,
therefore, V

8
Is redumed and S Is incr”ehsedsufficiently

for the product SVOO -to remaln:constant, a relatively
large reduction in vl~8 and in pressure drop follows.
Furthermore, the installation space available on airplanes
for heat exchangers is usually rather limited and difficulty
in flttlng a heat exchanger into the available space 1s
frequently experienced. A good design of heat exchanger
“consequentlyIs one In which much heat-transfer surface area
is crowded into a small volume. 3Zuid passages should be
made as small as possible, provided that the requirements of
mechanical strength can be met and flow in the turbulent or
the transition region can be obtained.

Tube Spacing and Arrangement

A good method of’comparing various”designs is by means
of plots of heat-trfinsfercoefficient against pumping power
cost per unit heat-transfer surface area, (See reference l~j)
Figures 29 and 30 of’reference 4.; whfch are based on the
tests reported In reference 15, are reproduced herein with “ ●

some slight modifications as l’igures20 to 23. In figures 20
to 23, heat-tim~sfer coeffis~ont h Is shown as”a function
of pumping pawer co t per unit

5
surface area times the square

of the density PCP /S for flow across staggered and in-line
tube banks. These figures s’howclearly that the smallest
practicable tube spacing both in the direction parallel to
the air ~low and in the direction perpendicular to the air
flow results in the smallest power cost for a Given value of
heat-transfer coefi’tcient. This result is true for both
the staggered and the in-line tubes. Figures 20 tO 23 also
show that, for given values”of the spacing factors and for a
given value of’heat-transfer coefficient, the in-line
arrangement results in slightly lower values of power cost
than the staggered arrangement.

Comparison of Flow across Tubes with Flow through Tubes

A comparison of’the plots of heat-transfer coefficient
against power cost per unit surface area (figs, 20 to 23) for
flow across banks of circular tubes (solid lines) and for
flow inside smooth tubes (broken lines) shows that flow
across tubes is more economical than flow through tubes;
that is, for a given value of heat-transfer coefficient, the
pumping power Is less for flow across tube banks than for
flow through tubes, except at extremely high values of
Reynolds number. h the plots for flow through tubes, two
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of pumping power per unit surface area times the square of
the density. Flow of air across staggered tubes and flow
through tubes. (T&om fig. 30 of reference 14.)

values of the parameter D/p are used. The value cd? D/I.L
of 58,000 corresponds to a tube d@meter of 0.26 inch for
the standa d sea-level coefficient of viscosity v of
5*7

z
x lo-f slug per foot per second. The value of D/w

of 0,000 corresponds, for.the same value of K, to a tube
di~ter of

If the
arrangement
through the

0.18-inch~

Choice of ~Fluid-SurfaceCombination

two surfaces of a heat exchanger differ in
or amount (as,!for example, wnen one fluid flows
tubes and tho other flows across the tubes or

J I

.—.—
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Figure 21. - Efficiency of heat transfer - heat-transfer
coefficient h as a function of’spacing factor m#O and
of pumping power per unit surface area times the square of
the density. Flow of.air across stagg6red tubes and flow
through tubes. (~om fig. 29 of’reference 14.)

when only one surface is f’hned), the question of which fluid
should flew across which surface arises. For given values
of S1 and S2, the over-all thermal resistance lfitst,
whioh tS given by

(23)

is a minimum when the thermal resistances on both sides are
equal. ~om considerations of economical heat transfer.
therefore, the question of which fluid should go
surface is answered by so making the choice that
more nearly equal to h@2.

with which
hlSl iS
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Figure 22. - Efficiency of heat tr!umi’er - heat-transfer
coefficlerit.h as e function of spacing factor ~D and.
of pumping power per unib surface area times the squaro of
the densl.ty. Flow of air across In-llne tubes and flow
throu@ tubes. (Frcm fig. 30 of reference 4.)

From mechanical considerations, the tube-wall thlcbess
can be smaller and the shell can be lighter, and the weight
of’the exchanger consequently can be less, if the high- “
pressuro fluid is insicleand khe low-pressure fluid is outside
the tubes.

Comparison of Counterflow with Crossflow

As has been pointed out for the same conditicms of
weight rate of flow, the over-all mean temperature dMfer-
enoe ! is greater for counterflow than for crossflqw. The
counterflow intercooler has often been considered for use la
airplanes. In the followtig discussion, however, it is
shown that the counterflow arrangement is not so advantageous
as Is frequently believed. .

-—. .-— —
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Figure 23. - Efficiency of heat transfer - heat-transfer
coefficient h as a function of spacing factor mp\D and
of pumping power per unit surface area times the square of
the density. Flow of’air across in-line tubes and flow
through tubes. (l?Tomfig. 29 of reference 14d)

Table 111 shows the values of’the ratio of’ ! for cross-
flow to t i’orcounterflow for various values of the hot-
fluld temperature drop ~ and the cold-fluid temperature
rise q. The value of’the ratio Is qulto low for high values
of ~ and q. Consider, howevor’,the case of-high-altitude
intercoolers. At hl~ altitudes where much supercharging 1s
necessary, ~ is large. On the other hand, for the efficient
operation of high-altitude intercoolers

t
the ratio Wcfle

must be relatively large in order for to be large and V,
as gimn by the equation

—.—— . . .. ..—



!
. t- .. .

63

must therefore be small. Inspection of table III shows
that, for .lange.~-.and-small--q, the.value of’ g for
counterflow is only a small percentage greater than the
value of K for crossflow. , It would be a mistake to design
a counterflow Intercooler for large ~ md large q in
order to take advantage of’the large difference that would
then exist between the counterflow c and the crossflow C.
lbr large ~ and large V, the value of ~ for both
counterf’lowand crossflow Is uuch smnller than its value ,for
large ~ and small q and more.surface area would be re-
quired for the mall ~ for a given rate of heat dissipa-
tion H. These facts are illustrated by figure & which

w 7k32~~5 1.0 .7$
wc~Je

Figure 24. - Comparison of mean.temperature difference In
counterflow and crossflow. ~ as a function of q;
E = 0.7.

h drawn for a value of g of 0.7, which 1s necessary at an
altltude of’about 35,000 feet. Figure 2& shows that, at
large values of q, counterflow gives a large percentage
Increase over crossflow In the over-all temperature differ-
ente 48 For small values of .q, however, the percentage
increase is small.
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Another factor to be considered Is that the manifolding
necessary with a counterflow unit (see fig. 25) must ‘contain
much heat-transfer surface area and that the flow across this
surface area Is very nearly crossflow.

,.

.— /-.-.-.— -
~>

Figure 25. - Cmnterflow heat exchanger and ducting, showing
crossflow In ducting.

Mechanical Conslderatlons

One of the most important problems connected with the
development of heat-transfer apparatus 1s the economical
production of exchangers that are free from the tendency
toward structural and leakage failures. Vibration usually
imposes a severe strain on heat exchangers. The differences
in the efficiency of heat transfer for different dasi~a is
small, and these differences are negligible If there are
Important differences In mechanical reliability. There ~ve
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bepn,~nn~e,rab,leattenpts, nevertheless, to obtain large
Increa&e”s!.nel’f’ici-6ncyby the use of new tube shapes and
novel assembly arrangements. Unless these new shapes and
arrangements result in smaller tube diameters, more substan-
tial construction, or more economical manufacture, they can
have little advantage over the shapes and arrangements in
current use.

It would be desirable in many instances to use rather
long tubes. Long tiubes,beoause of vibration, must be
supported. The use of low tubes introduces a manufacturing
hardship, however, that tends to keep heat-exchanger tubes
short, Vibration difficulties are more serious when the
tubes are filled with liquid than when the liquid is outsl~e
the tubes and the cooling ah inside.

For coolant radiators, hexa~onal tubes would be desirable
on the basis of ratio of open to total frontal area but are
probably unsuitable because of tendency to failure under
vibration.

Oil coolers of the proper shape (rectangular) to fit
the available spaoe on an airplane would be desirable from
Installation considerations. Such coolers, however, would
have to be excessively heavy to avoid failure under hl~h oil
pressure. Oil coolers therefore are usually of circular
cross section.

In spite ol’the well-recognized advantages of small
tube diameter, tubes smaller than 0.25 inch are rarely used
because of the problem of assembly and because of’the problem
of reducing the tube-wall thickness in proportion to the
reduction In diameter.

Oil Coolers

The design of oil coolers is at present well standardized
with respect to dimensions. Circular coolers are produced
in a number of’diameters. Tube length, diameter, and spacing
are limited to a few values. Yhe cooling air flows through
the tubes and the oil flows.across the tubes. Baffles =e
used in the oil passages. The different baffles used’by
different manufacturers result in somewhat different lieat-
transfer performames, particularly at low cooling-air inlet
temperatures for which the influence of baffle arrangement
on the tendency of the oil to congeal.Is particularly otrong.

■■ ✍✍✍ ✎✌ � �
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At present, the principal problem conmeoted with oil
ooolers Is the problem of congealing. Oil iS S0 highly
VISCOUS, compared with the fluids used in radiators and ~
intercoolers, that the oil flow is”probably always laminar,
whereas the flow of glycol and air is almost always turbulent.
When the inlet temperature of the COOIIW air fS 10wS the.
lamlnae of oil next to the coollng surface become cooled to
such an extent that their coefficient of viscosity rises to
a much hi~her velue than that of laminas farther from the
surface. The velocity of tho cold oil is reduced, and the
cold oil remains longer in contact with the tube surface and
probably assumes a temperature close to tl~t of the tube wall.
The result is that the passageways eventually become clogged
with cold or congealed ail and the cooler ceases to function.
The design of oil coolers that hre not subject to the tendency
of the oil to congeal at high altitudes (low cooling-atr
temperatures) is a problen that has not yet been solved. .

Because the flow of 011 in co~lerq ia lamtnar and because I
P the baffle arrangements used byof the various effects o.

different rwmufacturers, little progress has been made in
correlating the heat transfer on the oil side.

. .
. .

..

.
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II - SELEC
.. .- -.. . . !-

Part I has dealt principally
of heat exchangers and.the effect

..

TION

with the internal design .
of internal design on.rate

of heat transfer, pressure drops -d power coat. .-Thenext
problem that confronts a heat-transfer engineer is the ques-
tion of selection; that is, after the internal geometry of
a heat exchanger has been chosen, what external dimensior.s
and what cooling-air flow rate should be selected? These
qusmtities should be so selected

(1) that the heat exchanger will be capable of the re-
quired re.teof’heat dissipation

(2) that tke coolinfi-airpressure drop necessary to .
effect the
exceed the

(3) that none of
set by the
a~rrJhIle

re~uired heat dissipation will-not
a~~unt availElble

the dimensions will exceed the limits
installation space available on tho

(k) that the power consumption of the heat exchanger will
not be excessively greater than the lowent power
consumption attainable by use cf dimensions of the
proper plmportions

(5) that the ullowable engine-alr presslme drop (if’the
exchunGer is cn intercooler) is not exceeded

It 1s generally posalble to calculate, from the equa-
tions of part I, the solution to the problem of’selection.
The calculations are unusually tedious, however, particularly
in view of the fact that a number of’trials is always neces-
sary to find a heat exohanger that satisgies all the require-
ments. A very much more satisfactory method of selectlon
is by a chart. Two general types of’chart have been devised
that might be termed performance oharts and selection charts.
The present section is a consideration of such charts and
their use in selecting coolant radiators, air Interccolera,
and oil coolers.

. .-

SFLECTION OF RADIATORS
..

Most coolant radiators are so constructed that the
.

cooling air flows through smooth.tubes and the coolant flows
across and around the tubes.. The equations tmt describe

.:.,.

I -.
,s

.-
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the performance of such radiators have already been diaoussed
and are restated hereinafter (equatlous (62), (19), and (31)).
The problem of seleotion of radtators consists In finding
values for the five variables pt~ ~S AP, v, and L that
satisfy these threa equations and the requirements just llsted.
This problem may be solved conveniently by use of a generalized
selection chart that shows the relatlons among the variables
for any given set of operating conditions. Such a selection
chart is presented in reference 16. A re%ume”of the deriva-
tion of the chart and an example of its use are given in the
followlng para~raphs,

The power cost of a radiator is

(62)

(See equations (55) and (561. ) The rate of heat dissipation
Is -

H=
.(

.0.2 L
W Cp ATi 1 - e-O”lR .U

)
(19)

The pressure drop 1s

AP = 0.092 fW2 ~R-o.2 (31)

F&om equattons (62), (19), and (31) cindthe equation

where v is the open volume of ths heat exchanger and A is
the open frontal area of the heat exchanger, the following
relat~ons can be derived:

—

.

“‘p’‘(~-‘$10ge(l+W

~~ -[ 1,,,+++?. *J I 1}3
‘lO~e 1 -

*

= o
VI

(65)

(64)

..

.“

(65)

. .
. .

.
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. !??..
The”variables

the relations..

used in equations (63) to (65) are defined

where

c ,*p R Vom
c1 = 0.023

K1 = !#R7+ibcpv3

%?=
C CD g (Tw - T1)

V02 H

These primed variables, as related by equations (63) to
(65), were plotted to obtain a seleotion chart (fig. 26,
which is taken from fig. 1 of reference 16). This chart
gives the general solutions of’these equations. Each point
on the chart represents a radiator. Because of the general-
ized form of the variables, the chart can be used for any set
of operating conditions. All the quantities Qhat are func-
tions of the operattng conditions, suoh as the character-
istics and the performance of the alrplanej.the”altitude of
operation, the rate of heat dlsslpatlon, and the tube diameter,
are taken care of in the constants In the definitions of the
primed variables.

l—m— , , ,, ,. , , ,..,—-.—— . ,,- . . —
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F@ure 26. -Generalized radiator selection chart. (~om fig. I of reference 16.)
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The use of the chart Is not difficult.
variables may be chosen In advance, (If two

. chosen, the,radj.qtoris completely determined

71

One of the
variables are
and all

variables are ~~x6d.’) Either the prbhkur~ drop or the
frontal area is usually selected in advance. Tbr example,
suppose the pressure drop Ap is chosen. Accordingly,
Ap! is a known fixed quantity. The point on the chart
that represents the radiator having the given pressure drop
may be chosen &nywhere on the vertical line that @a the
proper value m? Ap~. It is easy to locate the point on
thio line that represents the radiator of’minimum power
consumption or the point that represents the radiator of’
minimum frontal area. Correspondingly, a value may first
be choden I’orthe frontal area A. Then any point on the
corresponding A? contour may be selected. The radiator of
minimum power may be found, or some other radiator that
represents a betqtercompi’omlseamong radiator volume, prea~
sure drop, and volume rate of’air flow may be chosen.

Before the use of tho chart in selecting a radiator is
Illustrated, a remark on altitude is in order. The altitude
for which the radiator should be chosen is one of the factors
to be considered. As the altitude of flight increases, thefm
decreasing density of the air tendsto make cooling more
dlff~.cultand the decreasing temperature of the air, up to
the Isothermal rcgion~ tends to make cool:ng less difficult.
The most difficult cooling case ordinarily is at the critical
altilnlde. In order to obtaia maximum airplane speed, the
radiator must be selected for the high-speed fllght condition
&t the critical altitude. If the radiator is so chosen,
however, the case or full-pow9r climb at the critical alti-
tude should be investigated to make sure that the pressure
drop required by the radiator is nat greater than tilepres-
sure drop available in climb,

In order to simplify and to systematize the calculations
involved in selecting a radiator, selection forms have been
devised for US9 in.conjunction with the selectlon chart.
The followlng example shows in detail how the forms and the
chart are nsed. The procedure falls naturally into several
steps, as follows:

(1) Fill in radiator selection form 1.

~ filling in this
of operating conditions

form for
has beeu

the ~xmp14;

used.
“a-t-~ical”stitm
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RadiatorSeleotionForm1
. .

.
1

Quantity S@ol Value hit

Heatdimipation H r+ 5 Btu/8eo

Altitude 3&,ooo ft
Airplanespeed Vg 678 ft/eeo “
Airplanedrag-liftratio @L

Weightfaotor E /.r——

S olfioweightof radiat~r lb/m ft of
Iw % 70 openvolum

Radiatortubediameter D 1/+0 ft.

Temperatureof airat altitude To -67 OF

Estimatedadiabatiotem~eraturerise 34.9 OF “

Met temperatureof air Ti -32,1 OF

Debsltyof airat altitude Po 0.00070+ Sld Ou ft

%rWhatedperoentqgeof densityinorease 24 peroen-li

Inletdensityof oir P— 0.00087) Sldou ft
CoeffloientoTvi8008ityof air P 3,17~j~-~ dug/ft-st30

Radiatortubewalltemperature T
= av..ccolanttemperature W ~o OF

+PNO c “ 8uij

pVOD
% 3e)boo

P

~o.2 #.28 .

*“

,.
K1 /8.78

,
: ~15/7 8.tz+

K~9/14 6.58 q “
L
17.73 c(% - Ti)
I

%? o.d8187H V02
,.

‘Ratioof opento totalfrontalarea
of radiator

f~ 0,47
b

.
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(2) Using the data of form 1, fill In the column ‘Value~l
under ~iConstant~tin form 2.>.. ...... .

Radiator Selection ~rm 2

“Generalized
Constant ‘ variable Variable -“

(a)

Symbol value Symbcl Value Symbol Value Unit

&10.2K1 ‘T2R00=2D ‘“7+6 ‘f
I.q A ~ 00 Sq f%

~
K17

0.0203
Apf 0746 AP 3b.77 lb/sq ft

pTTo2

lo.2:flK#lo3.2P
.—. ——— u,6037; Qf

v~
1,74 Q +tmr cu f%/sec

..—

s
IflT112

0.h&5” Vf 1,+0 v &!/3 Cu ft

?1{1K2 g07x10+ r! &f8 ~t 35b70 ft-lb/sec
c

aConstant x vaulable.= generalized variable.

( 3 ) Calculate the value of’one of the generalizedvariables.

As stated before, one of the variables 1s usually chosenin
advance. The present example is worked for a radiator that is
to have a total frontal area of 3 square feet or an open .f’mntal
area A“ of 3fR = 2 square feet. Multiplication of this
value of A by the value of the proper constant (see first llne
of selection form 2) gives 1.9 GS the value of Al.

(4) Find the point on the selection chart t~t is to
represent the radiator.



,

Any point on the line A? = 1.9 on the seleot~on chart
can be selected as the point representing the radiator to be
selected. Tho values of’the other radiator variabies w1ll
depend upon the point selected. It seems reasonable to
choose the point at which P! (and consequently Pt) is a
I!linimum, This point w~;:, in general, be near the ninimum
value of API (and of rFor A~ = 1=9, the minimum p!
iS 2.88. At the oint &~erpined by these values of

c
“~f

and P!, Apt = 0.7 6, V! = 1..40,.and Q1 = 1.94.

(5) Calculate the values of’the radiator -variables.

The values cf the generalized variables and of’the con-
stants h selection form 2 are now kmwn. l@om the rela-
tions shown in form 2, the values of Ap, Q, v, and Pt can
be easily calcul.atsd:

= 0.7J+6
0.0203

= 36.8 n/sq f%

Q —! “
= 0.00398

.-.

.*
0.00398

= 486 cu ft/sec

. Open volume, v = &.

k-
.~o

0. 5

= 2.113 Cu ft

Total VOh.U116=z .
fR

‘%”

= 3.15 cubic feet
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s 35,670 ft-lb/sec
.

TO the value of’tbe”friotion pressure drop Ap pre-
viously found should be added the pressure drop due to
momentum Increase as iven by equation (36) and the end loss
as given by equation T68), whlchi-s given inpart~~~. .

The selection chart (fig. 26) was used to construct the
three-dimensional f@JLLreS27 and 28, which show the rela-
tions amo~ tha radiator variables at two altitudes for a

. pursuit airplane and for a heat dissipation ratu of )L74 Btu
per second. pi~ires 27 and 28 should be of value in showing
how a ~hauge in the valueof any one of the variables affects
the values of the others.

SEIJICT’IOHOF INTERCOOLERS . .

Pecause the density of’the Rtmoaphere is a decreasing
~funct:.onof’eltftude, supercharging is used at altitude to
compross the on,sineair in order that engine power can be
maintained at or near its sea-level value. A supercharger,
however, in compressing the air, also raises its te~lperature.
The temperature of the air must then be reduced In order to
increase Its density and to prevent the detonation that re-
sults from high air temperatures. The reduction in tempera-
ture is accomplished by an intercooler, which is simply a
heat exchanger In which both fluids are air. .

Interrelations among Intercooler Variables

The selection-of a heat exchanger presupposes that the
design - that is, the internal geometry - has been chosen,
that therate of heat transfer which the heat.exchanger must
give is known, and that tho altitude for which the heat
exchanger is to be selected is known. The process of selec-
tion, then, consists in determining the external dimensions
of the heat exchanger. For a given rate of’heat transfer,
theee dimensions determine the pressure drops, the wei~ht
flow of’cooling air, and the pnwer cost of the exchanger.

— -— —. . .—
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The selection of the dimensions must be so made that the five
requirements previously listed will be met. In addition to
being able to eff’echthe required rate of heat transfer, the
cooling-air pressure drop must not exceed that available,
the dtmenslorismust not exoeed the dimensions of the available
installation space, the engine-air pressure drop must not
exceed the permissible amcunt, and the power cost should not
be excessive. .

The power cost P% of’an Intercooler Is taken as the “
cost of pump~ag the cocling Siz-and the engine air through
the Intercooler plus the cost ot transporting the weight of
the intercooler; thus -
..

Pt zQc Apc+Qe Ape+PW

where

(56)

.
~ selectti an intercooler to me6t some of the rore-

going requirements, it is easy to o>tcln one that fa:lo to
meet the otb.errequirements. In order to show how tha dif-
ferent dimenslom, t-hecooling-air weight :“1ow,the cooling-
alr pressure drop, and the power cost affect one another,
figure 29 has been prepared. Figure 29 was constructed for
a pursu~t airplane wttk-1675 nwral engine horsepower
operating at an altitude of 36,000 feet. Tke figure shows
the three dlnenslons, engine-air passage.length Le, coolln&-
air passage length Lc~ no-flow dimension ~, the intercooier
volume v, and the power cost Pt as functions of the ratio
of coolhg-alr wetght flow to engine-air weight flow W@e .
and the coollng-a?.rpressure drop Apc.

The coordinates Wcfle
.

and Apc chosen as a base for
drawing figure 29 ere probably the most nearly basic of the
quantities involved. The rGtio We/We determines the mean .
temperature dlfterence between the two fluids In the inter-
cooler. If Wc/ke is small, the mean temperature differ-
ence IS small and large surface area and large volume are
re uired.
%’

(Vig. 12 shows l/t as acfunctlon of the ratio
Wc e. The dimensionless quantity L is the mean tcupera-
ture difference in crossflow divided by the difference In
the inlet temperatures of the e~ine air and the cooling air. .
~ makin the computations for ftgure 29, a value of
~ s 0.73~ was used, where ~. Is the ratio of endne-air
temperh~ure drop to-the difference in the inlet
The coollng-air pressure tiop is a180 important

temperatures.)
because the

1
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Figure 29. - Concludeci.

upper limit is USUS.llY known (as some fraction. of the free-
stream dynamic ~ress’ure) anil also becausa its value has a
strong effect on the power cost of the intercooler.

Much information can “be obtained from a study of fig-
ure 29. Only a limited ~art of the possible range of
weight-flow ratio anti cool.in~-air pressure drop is shown.
In fact, most of the !lbadll region is not shown. The lowest
value of Vic/VJe used in the fi~uine is unity. As previously
stated, the value of YJc/V’Jedetermines the mean temperature
difference between the engji.ne air and the cooling air. For
values of W~?ie less than unity, the temperature clifference
is quite small (see fig. 12) and all the variables, except
Ln, have exceedingly hi~h values. Values of Wc/VJe greater
than~~ also are not shown because the value of the mean
temperature difference has leveled off with increasing wc/w~
(fig. 12) and further increase in w c/’vie“produces negligible

—
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decreades In L , Lc, and v and results “inlarge values of
Pt and in particularly large values of’ ~.

Likewise, values of Apc less than 10 pounds per square
foot are not shoti. Both the power cost and the volume in-
crease rapidly with decreasing Apc .In the region between “
Apc = 10 and Apc = O pounds per square foot. Although .
figure 29 Is not extended far enough evdn to hint of the
rapid upturn of the volume and the power, actually both the
volume and the power approach infinity as APC approaches
zeros Also, values of Apc greater than ~0.pounds per
square foot are not shown in figure 29. Although the cooling-
alr pressure drop available at the airplane speed and altl-
tude used In constructing figure 29 is of the order of 100
pounds per.square foot, the only advantage (sep fig. 29) of
using large pressure drops Is in obtaining lower values of
%- This advantage Is usually more than offset by the large
power cost that accompanies large pressure drops.

Intercoolers are sometimes so chosen that they require
practically all the available cooling-air pressure drop.-,
F@ure 29 shows that the power consumption of Intercoolers
can be materially reduced by using lower coollng-air pressure
drops than are frequently used.

Figure 29 was constructed for a pursuit alrplane”using
1675 en~ine horse~ower in the normal-power cruising condition,
with the engine supercharged to full normal power at a maxf.-
mum altitude of”36,()()()feet and having a narmal-power speed
of ~60 miles per hour at that altitude. For engines of
different power, ~ and v, can be scaled in direct propor-
tion to the engine power. The values of Le, Lc, Ape, and
We/We are independent of engine power.

Harrtson aluminum louvered in.tercoolerswith an englne-
air pressure drop of 1 tnch of mercury were used in calcu-
lating fIgure 29. For intercoolers of other design and for
airplanes other than the one previously described, the figure, .
although not exactly applicable quantitatively, should never-
theless be quite useful in showing qualitatively the interde-
pendence of the intercooler varlahles and how compromises
among the variables can be ef’fected.

Selection Charts

Enough experimental investigations have been made of
different designs of intercooler to make it possible to write
equations that correlate the heat transfer of’all designs of
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intercoolers yet constructed; It 3s of course possible to..
use these ‘equationsIn seleotlng the external dimensions of
Intercoolezs by oalculati~ the rate of heat transfer, the
pressure drops,.and the power cost of a number of combina-
tions of external dimensions and weight-flow rates. Such a
procedure 1s, however, extremely tedious. The use of some
form of selection chart is much more desirable. Two general
types of selection chart are available for selecting lnter-
coolers; namely, performance charts and ~enerallzed selection
charts.

Performance chartsari
turer, fOr Intercoolers of
is customary to construct,
for different combinations
When a set of’these charts
Interoooler that satisfies

made ”up,usually by the manufac-
a given hternal geometry. It
from test data, a set of charts
of dimensions and pressure drops.
Is available, the selectlon of ari
most of the requirements is rela-

tively easy. This nongcneralized type of chart, however,
is not suitable for shawing the power cost of the inter-
coolers and does not easil~ show the effects on all the other
variables when any one variable is systematlcnlly varied.

Tho r.ecmcltype of chart is the generalized chart. A
single chart can be constructed that Is applicable for all
Intercoolers of a given general design; that :s, one general-
ized chart can be used for all tubular intercoolers of all
tub~ sizes and tube spacings. “Another single chart can be
used for all intercnolers of the Harrison type.,no matter
w-natthe size of the passages. Such charts are particu-
larly valuable In that they show how the other variables are
affected when one of them Is systematically varied. Because
the power cost is Included as one of the variables shown on
the generalized chart, the selectlon of the most satlsf’actory
intercooler for a given installation generally requires only
one or two trials with the generalized chart but may mean a
large number of triaLs with performance charts...

Generalized selection charts for tubular Interooolers
and for Harrison in~ercoolers are given in reference 17.
These charts tirehighly generalized in that a single chart
can be usecifor selecti~ all intercoolers of a given general
design, for all airplanes, and for all altitudes. Because
of-the high degree of’generalization, the auxiltary calcu-
lations that must be made In the selection of an ihtercooler
with these charts are tedious. l?brIntercoolers of a given
internal geometry, however, many of these calculations can
be made once, the results Incorporated into a selection form,
and the form used to slmpllfy the selection process. Selec-
tion forms for an Airesearch tubulur intercooler and for



..- .-

Harrison copper lntercoolers are presented in reference 17
and for Harrlaon aluminum Interco.olersin reference 18...

The selection of an intercooler.alwaysrepresents a
compromise among dimensions, cooling-air pressure drop, and
power cost, Generalized charts make it posalble to select,
usually cm the first trial.,the Intercooler that represents
the most satlg~actory c~mpromise for any given set of condi-
tions, Tn fact, w?.thoutthe aid of the generalized charts,
it is extremely difficult to select, for my given set of’
conditions, the best intercooler. Cn the other hand, for
one who is not familiar wath the generalized charts, the
selection of ~.nintercoolcr by a performance chart is un-
doubtedly easier than by the generalized ch=rts. The best
recommendation therefore seems to be that the performance
charts be used for choos?.nglntercoolers end that the selec-
tion be guld~d by f:gure 29.

Preliminary Calculations

A number of preliminary calculations have to be made “
before a selection ch&rt is used. In the present section,

.these calculations are illustrated for a typiccl case. An
airplane having an engine with 1200 normal brake horsepower
Is assumed. The en&ine is supercharged by a turbosuper-
char.ger. The critical altitude, that is, the maximum alti-
tude at whlc.h.Fullnormal eng?ae power is developed, is
20,000 feet. The level-flight normal-power speed at that
altitudo 1s ~00 miles per hour.

Intorcoolers are usually selected for the ~ltitude at
which the cooling problen is the most difficult. For gear-
driven superchargers, ti~fsaltitude is usually the one at
which the gears are sb.if’tedinto the highest rntio. Tine.
quantity ~, which is the drop in engine-air temperature re-
quired of’an intercooler divided by the difference in the
engine-air and the coolinG-air inlet temperatures, is plotted
against altitude for a gmr-driven supercharger In figure 30.

For turbosuperchargers, the most severe demands are made
on the intercooler at the critical sltitude. Figure 31
Illustrates the varlattOn of’ ~ Witlialtitude for a turbo-
supercharger installation.

If the superclmrger compressed the air isentropically,
the ratio of the air temperatures at the outlet and at tihe
tilet of the compressor To~Ti would be given by the

.— I
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FQure 30. - Effect of altitude on ratio of drop in tempera-
ture ot hot fluid to tnlet temperature difference 3 for
intercooler. Gear-driven supercharger.
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Altitude .
Figure 31. - Zf’feetof altitude on ratio of drop in tempera?
ture of hot fluid to inlet temperature difference ~ f’ors
intercooler. Turbosupercharger.
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equation for adiabatIc isentroplc pressure changes

The temmrature rise in the compressor therefore would be.
given by the equation

[(r]-1AT =
PO’ (-l

Ti
E

Losses do occur, however, in the supercharger. ti
effect, to some extent the compressor churns the alr and
heats it without compressing it. The actual temperature
rise is given by the equation

in which n is defined as the supercharger efficiency.
Equation (66) can be written

(66)

(67)
.

Equation (67) was used for plotting figure 52, in which the
temperature ratio is sbmn as a function of the pressure
ratio and the supercharger efficiency.

One of the quantities that must be lmown for the seleo-
tion of an intercooler is the temperature of the engine air
at the inlet to the tntercooler. This temperature can be
found as follows: As an example, It is assumed that the air
at the supercharger Inlet has been slowed to one-third its
free-stream speed. The free-stream speed is 400 miles per
hour or 588 feet per second, and the supercharger Inlet
velocity is 196 feet per second. The supercharger inlet

.
.

-- --- --- -- ..-:“. . ‘,
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temperature is given by equation (49) as

0.8 2 (V02 . Vi2)Ti = To +
*1

= (-12 + j:bg) + 0.832 (31!.6 - 3.8)

= 472.6° 1s’atm.

The supercharger Inlet pressure Is given by equation “
(50) as

(d)4.23.5
“= 13.75 7

It Is assumed that a
obtained at the outlet of’
ratio in the supercharger

= 16.63 in. of’mercury .

pressure of 31 Inches of mercury la
the supercharger. The pressure
then is

%--r1=
1 93

= 1.86

For a pressure ratio of 1.86 and a supercharger efficiency
of 0.60, figure 32 Civea the temperature ratio

To
— = 1.31Tt

The engine-air temperatiireat the supercharger
the intercooler Inlet, then is

To = 1.31 x472.6

as

outlet, or at

= 619° I? abs.

= 160° F

.
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.
T’orlllustrathn, the engine-air te~erature required

St the Intercooler nullet Is assumed to be 800 F. The
engine-air terqxmature drop rgqvired in the-lntercooler
therefore is

.
Al!= 160 - So

=800 p

In waler to fiad g, the ket temperature of the cooling
Cir jmst be found. it can be cst-ted by estlmatfi~ the
cdiabf.tlcteaperaturo rise that the coollng air Undmgoes
bet.men the freo Strom and the 5.nt4rcmler Inlet. The .
l’ree-stre~,lSP90CIis ~$0 ~lllesper hour or 5~5 Yeet ger
second. The estinntcd s~eed O? ths ~ir in the interco~ler
2s 75 K.ilesper hour or 110 feet ~er second. Th~ ad~abatic
temporatuue rise, as give:lby equeti.on04’3),therefore is

. 2T=”~~[(b09)2- (110)2]
lU

= 2G0 ~

The cooling-~lr inlet temperature then is

T= = -12 + 2s

= 160 F
.

%e dli”f’erenc-in inlet temperatures is

The engine-air texq6rature drop
t6mperatur9 difference is

= 0.56

The raue of engine-slr flow can

*W

divided by t~le iniet

.

be calculated by multi-
plying the m~im b~uke Ivrsepo,vey by We rate of air con-
uw~pt!on per en~ine horsepo~ero The zwte d air consumption
is furnisheflby the en#nc mnu?acturer and 2s of’the order
of 7.5 pc’.mh per hour per mmsepower. Rx the present
exauple, then, the en@ne-alr flow is

1200 x 7.5We=—
36(Jo

= 2.5 lb/see

.. . .. . . . . -. . .. . - . .- . . . - . . . . . . . .
. . .-
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The r~te of heat transfer required Is given by equa-
tion (4] as .

.
. ZI= We Cp AT (4)

= 48.0 Btu/aec .
.

After these preliminary calculations are made, an ‘.
.intercOOlermay be selected. Any one Of a nuzlberot’methods
or oharts cm be used - either the”performance charts puti-
lls?MA by the vc.riousintercooler nmufacturers suoh as .
those In rcf’erence19, or tk.ecbsrts publ%shed in refer-
ence 20, or th9 generalized charts of reference 170 . k de-
tail description of the use af these charts is net desirable
in the present report. I’henechaaica of each method Is
clearly explalued ~il tinerefe?ence report. W the present
report, It is desired only to suggest that the picture
presented by figure 29 be kept in mind in order that a good
selection may be made.

L .
,

.

S31ECTION Ol?OIL COOIXHS

Oil coolers are ussd to dtsslpate a part ok the hea~
developed in dnginea and to keep the oil at a s&fe temp.era-
lmrcl. Yhe heat rejection to the oil is usually speclfipd
by the engine manufacturer. It Is customarily taken as’
ab.>ut6 or 7 percent of %he brake horsepower for air-cooled .
engines and about 9 or 10 percent of the brake ho”rsepowrer
for liquid-cooled engines, The heat rejection to the oil
may vary not only from engine to engine ‘butalso with the “
age of the engtie, tn6smuch as it depends somewhat on the
clearances in the engine.

As was potited out in the discusaian of oil coolers in .
the section entitled ‘Applications to Design,l’in part I,
the Reynolds nmibsr of the flow of oil in coolers 1s so low
that tlm flow is laninar ratlam than turbulent. When the
temperature of’the coollug air is 10F, the temperature of
the oil may become so low thnt the oil congeals,

.
When this,

condition occurs, the therma~ resistance on the oil side o
becomes so great t.%t the oil which may be forced through
the cooler is nOt”prOpeL’lycooled. An example of the effect
of co~ealing In a t~ical oil cooler is slmwn in figure 53.
As the inlet air temperature is .ticr6ased,the rate of heat
dissipation increases until a certtiinair temperature is

s

..—-..——-. *—-7 -,; .. . .- .. #y —. —.~-—- .-.-T- - -— ---- — .— . . . . . - -
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reached - in thts Instance, about -5° F. Below Wfs temperd-
tum, heat dissipation decreases and oil outlet temperature .
incr~asas Wcmtce the oil is congealing.

!l!hesatisfactory correlation of heat transfer in highly
.viscouafluids, such as oil, In laminar flow in smooth
strat.ghttubes is not yet possible. C9rrelatlon for oil
co~levs is furtl~ercomplicated by congealing, by aeration Ofm
tho 05JP &nd by the different heat-transfer characteristics.
of tlm baffle systems used by different nwnufacturers. For
these reasons, generalized selection chsrts, such as those
discussed previously I’orcoolant radhtors and alr inter-
coolers, nre not yet available f’croil caolers. Performance
cha~’tshave been constructed, however, by the various manu-
facturers and can be catlsfactorilyused for the selection
of oil coolers.

. . .. . . .------ -. - . . ,---- .- — . - - . . . --- .- .... . . ... . ... . —. - . .. -
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The perfcmmance charts are usually set up in a form
somewhat stmilar to that used ti f’igures34. and 35. M
f@ure 34.: the rate of’heat dlasipation is shown in Btu per
minute per 100° temperature diff’ereucebetween the average
oil temperature and the Inlet air temperature for ooolers 11
and 15 inches h diameter. This rate of heat dissipation
is shown as a Au2ction OF cooling-air pressure drop times
density ?xrtloin inches of water and of rate of oil flow tn
Fomlds per minute. In figure 35, the rate of flow of
coaling ah is shown as a function of the cooling-air pressure
drap for coolers of two sizes. With slmllar charts for
coolers af other sizes and for coolers of’various manufac-
turers, the selection of a cooler is eas~. (Figs. 34 and
55 are chiefly Illustrative and apply quantitatively only to
coolers having a particular baffle arrangement.)

The selection of an 011 cooler vill be most satisfactory,
however, if’the selection can be so made that the tendenoy of
the oil to congeal titlow air temperatures is avoided.. The
followins discussion is intended only to give an indication “
of what uight be done in the saleotion of.coolers to avoid ,
congeaMng. .%r a given set OF cmditions on the oil side -
that is, for a given baf:le system, a given rate of oil flow,
and a given 011 inlet te.aperature- whether congealing occurs
depends on conditions on the air side - that 1s, on air
te~eratnre and rate of flow. Consider the curve in fig- “
ure ~~ for an oil flow of 90 poun~s per mhute in the 15-inch
cooler. On this curve, a temperature of 600 has been
marked with a tick at a cooling-air pressure drop of 12.2
inches 01’water to indicate that, if the inlet alr.tempera-
ture is 600 F, congealing is likely to occur if an atr
pressure drop greater than 12.2 Inches of water is used.
Tiaother words the parb of’the curve to the left of the
tick marked 606 can be used wi~hout danger or congealing, if.
the fnlet air temperature is 600 F or above. The part of
the curve to the right o: the 60° tick is unsafe for use if
the inlet air temperature 1s 60° F or less. Correspondingly,
the tick =rked hOo at a Dressure drop of 3.3 inches of
water Indioates that, on that part of the curve to the rf.ght
of 3.3 inches of water, congeallnjqwill occur If the inlet
alr-
are
the

-.
temperature is ~O” F or less. Similarly, temperatures
marked with ticks .onthe curves for other oil flows in
15-inch c003.er.

.
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If an engine is not adequately cooled, improvem~ntisin
the ooollng will make possible a number of’lmprovemehtfiIn
the performance of the engine. Better cooling makes possible
a decrease In fuel consumption, an increase In the power
output that can be used, a reduction in detonat.ion,and an
@orease in the altitude at which suffioleritpressure drop
for cooling Is available. As examples of the Improvements
that can be made In the cooling of air-cooled engines by
relatively simple clumges in the finning, the followlng
illustratlans are presented. These illustrat~ns s~w how
the maximum altitude at which full power can be taken from
an engine, as determined by the cooling of’the engine, can
be increased by increasing the fin surface area by the use
of wider and thinner fins.

It has previously been shown that the rate of heat
transfer from a finned air-cooled cylinder is a function “of
the fin width, thickness, and spacing, of the thermal con-
ductivity of the fin metal, and of the PV of the cooling
air In the fins. At high altitudes, the cooling of an
engine usually becomes difficult because the low alr density
makes a high alr velocity necessary. The hi~h velocity re-
sults In a large pressure drop. The pressure drop required
for cooling may be greater than that available. In such a
case, the-velocity required to effect the necessary rate of
heat transfer, and accordingly the pressure drop required,
can be reduced by increasing the fin surface area. As
Illustrations, consider ~lgure 36, which is taken from
figure 16 of reference 12. In f’lgure36, the ratio of the
engine cooling-air pressure drop required to the pressure
drop available, in the high-speed-flight condition of the
airplane considered In reference 12, is plotted as a funo-
tion of altitude for four different fin arrangements. It
is assumed that the engine develops full normal horsepower
at all the altitudes considered. The engine cannot be
cooled when the ratio of pressure drop required to pressure
drop available exceeds unity. llbralumlnum fins 0.75 Inch
wide and 0.06 Inch thick - dimensions representative of the
finning on old”or low-powered engines - the limiting alti-
tude IS 25,000 feet. With aluminum fins 1 inch wide and
0,06 inch thick, the engine can be cooled *O &,000 feet.
With aluminum flna 1.2 Inchbs wide and 0.052 inch thick, the
llmiting altitude 1s raised to 55,000 feet. With copper
fins 1.5 Inches wide and 0.035 inch thick, the engine can b?
cooled at altitudes up to 59,000 feet.

.. . . .
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F@re 36, - IIffect“of fin dimensions and altitude on cooling
of radial engine, (.~om fig. 16 of reference 12.) .

The foregoing examples of improving engfne cooling, which
are oonflned to Increasing the fin width and decreashg the
fin thickness, are not exhaustive-of the possibilities of
improving cooling by changes in fin dimensions, The pres-
sure”drop required for cooling can also be materially reduced
by the use of smaller fin spacing, for example. As further
Illustrations of possible Improvements, consider the sources
of pressure loss across an engine as shown in figure 37,
This figure, which is taken from figure 15 of reference 12,
gives a breakdown of the pressurs drop shown in f’lgure36 for
the engine with the l-inch fins. As is shown, the pressure
drop is made up of three components (1) the drop daused by
friction In the fIns, (2) the drop that accompanies the in-
cmease in the momentum of the air, which is caused by”the
ohange In the temperature and the pressure of the air,.and
(3) the loss that Is caused by the abrupt expans10n at the
exit from the baffles, Only the first or these components,
that”due to friction, should be considered a necessary and
useful pressure drop, “The other two components should be
oonsldered not only not useful but also not necessary, An
arrangement In which pressure loss is caused only by friction
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Figure 37, 0 Breakdown of cooling-air pressure drop across
radial engine, Fr$ctlOn pressuro drop, momentum pressure. drop, exit pressure drop, and tOtal presstiredrop for
l-inch fins as functions of’altitude. (From fig. 15 d’
reference 12.)

should be kept in mind as the ideal krran~ement. As f.S
pointed out In reference 21, if’the air passages can be de-
slgmd to have the proper expansion from entrance to exit,
with the result that the dymmic pressure of the air remains
constant in spite of a change in its density, then the
momentum of the air rematis constant and the pressure loss
due to increase In momentum Is eliminated.

The large loss that Is due to the abrupt expansion at
the exit from the baffles, furthermore, ta proportional to ‘
the dynamic pressure at the exit. By the use of wider fins,
the exit dynaxtc pressure is reduced and the expansion 10SS
accordingly Is reduoed. Rarthermore,”by an improvement in
the exit, such as the provision of a gradually expanding
duct following the baffle, the loss due to the expansion can
be reduced.

.——.. . . . . .-. -.
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III - INSTALLATION “

-,

Each heat exch~er, after it has been designed and
selected, must be fitted Into the airplane, The installa-
tion should be made in such a manner that the pressure drop
and the air flow required by the exchanger will be adequately
developed and that the increase in the form drag of the alr-

“plane due to the installation will be low. Idanyand exton-
slve investigations have been made of the problems connected
with the installation of heat exchangers.”! The purpose of
part III Is to give the important principles that have”been
learned. For convenience In nnalysia, the discussion 1s
presented In several sections.

COOLING-AIR ENTRANCE

General Remarks on Design of Entrances

The function”of the cooling-air entrimce is to Induct
air of high total pressure into tb.eairplane. The entrance
must function satisfactorily ovr3ra large range of angle of
attack of the airplane. It also must allow a large varla-
tlon in the volume rate o“fflow as the altitude and the engine
power change. The leading edge of the entrance therefore
must have the same characteristics as the leadldg edge of’a
wing. If a wing were designed to fly always at one angle of
attack, the lowest drag would be obtained with a relatively
sharp leadlng edge properly alined for that angle of attack.
A practicable wing nr~stbe capable of’functioning through a
large varlatlon of angle of attack, however, and must there-
fore have a well-rounded leadtig edge. For the same reasons,
the leading edge qf an entrance must also be well rounded,

Figure 38 shows the variation”with altitude of quantity
of cooling air Q for an air-cooled engine having a rated
power of 1675 horsepower (reference 12). It can be seen
that the velocity of the alr in the entrance varies in the
ratio of about %:1 between an altitude of 40,000 feet and
sea level.

The power developed by the engine obviously has a marked
effect upon the cooling requirements, Figure 39 illustrates “
the variation of the ratio of the quantity of oooling air
required to the quantity required for rated engine power out-
put as a function of the engine power. Under operating con-
ditions in flight, engines operate all the way from about 33
percent to more than 100 percent of.normal power.
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In the design of’the leadlng edge, however, not the
actual inlet velocity of”the cooling air but the ratio of
inlet velocity to airplane velocity Is the impmtant factor.
The variation of this factor Is illustrated In the variation
In the streamlines in figure 40, which shows graphically the
rango of conditions under which an entrance shcml~ be able
to function properly.

.

In addition to developing the required flow under a
wide range of conditions, an entrance should allow the.flow
to take place without large external or lntcrnal entrance
losses. Separation of the flow on the inside of the entrance
will cause a loss In the pressure avallabie for cooling and
an Increase in drag that Is proportional to the dynanic pres-
sure in the entrance. The inside of the entrance should
therefore be.designed with regard to the dynamic pressure
there. If the dynamtc pressure is hlgll,the inside of the
entrance must be carefully designed to avoid excessive losses.
If the dynamic pressure Is low, losses cannot be lar~e and
the design 1s therefore not crittcal.

If there is separation of the flow over the outstde of
the entrance, large 10SSOS that result in l“@h drag will
occur. The shape of the outside of the entrance behind the
leading sdge determines the local velocity of Eke air over
the surface. If the radius of’curvature cf the surface is
large, the velocity approaches f’ree-streamvelocity. If
the radius is s,mall,the velocity is large compared with
free-stream velocity and the drag may then be high because a
shock wave Is formed.

The foregoing statements regarding entrances apply
equally to engine cowllngs, scoops, and ‘wingentrances.
Each of these entrances, hcwevar, ha peculiar advantages .
and shortcomings that must be recognized.

Conventional NACA Cowlings

The general shape of the conventional NACA engine cowling
is shown In figure 1}0. The velocity of the f’lowover the
outside OF cowllngs is greater than free-stream velocity.
According to pressure-distribution measurements and wind-
tunnel tests, the critical Mach number of the conventional
engine cowllngs generali:~is rather low. The formation of
shock waves may be ~revented, howeveF, as previously lndl-
cated, by modifications In the radius of’curvature. up to
the present time, no “airplanehas experienced ,largedrag in-
creases due to the formation of’shock waves on a conventional
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Cowllng, Shock waves form on some of the other important
parts of”.analrplan6 at lower airplaqe sp,e,edst@ on the
conventional NACA cowling. “The most critical partsj in - ‘
decreasing ~rder of Importance,are: propeller, wing-fuselage
juncture, cowling, and wing. High drag from conventional
cowlings has resulted, as Is dlsoussed later, y?:ncipally
from a poor design of the Aftebbody of a cowling or from a
poor alinement of the af’terbodyand the wing.

The greatest’disadvantageof scoops is that they add to ..
the f&ontal area af the airplane. “ Alr taken in by a SCOOP
Generally can be more economically inducted through an
opening In the front of a nacelle or in the leading edge of.
a wing. l-ln?thermore,scoops are usually located where a
boundary layer already exists on the airplane. An entrance
that admits air of both high and low energy tends to allow
the air to flow out of’ths sco~p at the oorners where the
scoop meets the surface of.the airplane. If the alr Is
slowed down conaider”ablybefore it enters ths scoop, the

- rapid pressure rise may cause a separation of the boundary
layer just in front of the e~trance. Such a ae@aration Is
accompanied by a large entry loss, by nonuniform pressure
distribution in the entry, and by spillage or return flow
from the corners @f the scoop. One remedy Is to raise the
scoop off the surface in such a way that the low-energy alr
is diverted around the scoop. Another remedy is to decrease
the entrance area of the scoop in order that ths air will
enter at five-tenths to seven-tenths airplane speed. The
first method somewhat increases the frontal area of’the scoop.
The second method results In an entrsnce that is critical to
the changes in flow associated with changes in engine power
and in altitude and also necessitates care in the design of
the inside of the entrance, on account of the relatively high
dynamic pressure that must be handled.

Whg Entranoes

Wing entrances meet some of the conditions for desirable.. entrances”.- They are located at a forward sta~~ion.point
on a well-streamlined body. The wing behind the entrance
provides a desirable housing for the heat exchanger. The
chief’consideration in the desi~ of wing entrances is so to
arrange the entrance that the flow over the wing, and conse-
quently the lift, is not appreciably affected. The solution
of this problem requires care and experience. For structural
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reasons, a wing 1s designed to be as thick as possible and
therefore a large expansion of the flow over the”after part
of the wing Is required. At high angles 01’attack, the
expansion beoomes oritical. “Any interruption of the flow
near the leadtng edge suoh as Is caused by an entrance, guns,
bumps, and so forth, tends to produce an instability In tha
flow over the wing that causea separation h the region of
expansion. Separation results in incrbased drag, reduced
lift, and reduoed maximum lift coefficient.

Another factor that merits consideration when air is
taken into an airplane at the lGadhg edge of’a wing is the
change in the orientation of the entry with respect to the
local air flow when the angle of attack of the wing is changed.
Because of the increase In the npward component of the alr
flow when the angle of attack of a wing is increased, the in-
crease in the effective angle of atitackfor the duct entry 1s
“greaterthan the actual increase In the angle of attack of
the wing. In fact, the eff’ectlv~angle of attacli.mayin-
crease one and one-half to two times as much as the angle of .
attack of the wing. On bombers, for which the difference
in angle of attack for cruising and for climbing Is small,
the effeot is probably not important. On pursuit airplanes,
however, it may be important.

The safest procedure In the dealgn of wing entrances Is
to investlgatd the entrances on the actual airplane In
flight. In this way, the effect of the propeller is included.
When the entranoe 1s studied on a model in a wind tunnel, “
great care is necessary to avoid obtaining a misleading result.
The effect of the entrance on the lift is most evident near
the wing stall angle. The effect of the wind-tunnel walls
may dpminate the result near this mgle and supporting strut
interference may greatly exaggerate the losses ~aused by the
entrance.

The cooling-air
the coolim alr back

COOLING-AIR EXIT

exit shnuld be designed to introduce
into thedr stream In such a tinner

“ that th~ @ag will not be unduly large. For ex4mple, the
low-ene~~y poolzg air may cause separation of the flow f’rom
a nacelle. Separation is likely to occur if thb cooling
air is emitted at a plaoe where the flow 1s already new the
normal limit of expansion; thus, It is much easier to gmke a
low-drag eqlt on the bottom of a wing than on ths rear top .
part ofa wtng.
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The air flow through a heat exchanger should be con-
trolled by varytng the size of the exit. In high-speed
flight at low altitudes, the dynamic pressure of the free
stream is high and the pressure drop available for ooollng
is greater than is necessary. Under these conditions, the
area of the exit is reduced la order to reduce the flow of’
air and the pressure drop through the exck~er. M the
condition of’cllmb, the pressure drop required by the
exchanger frequently equals or exoeeds the ~~mic pressure
of the free stream. The exit area is then mado large.
That the exit area must undergo large changes to accommodate
large changes In the volume rate of flow under variou,scon-
tiltlonsof airplane speed, altitude, and rate of’heat trans-
fer is evident from an earlier.dlsousslon.

DRAG OF AI’?m3TALLATIo: “ “

Form Drag “

The form drag of an installation is largelzr a fUnCtlOn .
of Its frontal area. For instance, a completely submerged
Installation has no form drag except possibly +J~t caused by
a poor alr entrance or exit. At the OtheI’extreme, a large
nacelle on a thin wing has a relatively large form drag.
In pr~ctlce, nacelles ere submerged in win~s various ~~ounts.
Yor all these arrangements, the drag of tho nacelle is ver”y
nearly proportional to the frontal area of the nonsubmerged
part.

Streamllno bodies and nacelles with conventional NACA
cowlings have been tested msny times to determine the rela-
tive form drag of these bodies. “The results of’many of these
tests are summarized in figure ~1, in which drag coefficient
based on frontal area Is shown as a fumti.on of fineness
ratio. The dashed line is for streamline bodies of revolu-
tion; the solid line is for the same bodies equipped with
conventional NACA cowlings. Flneno”ssratio Is defined here “
as the ratio of the length behind the maximum section to the
diameter of the maximum section. It will be noted that-the
bodies equipped with nose cowlings are much more sensitive
to the treatment of the afterbody than the bodies with
rounded noses. Thts fact shows that the conventional cowling
introduces sone sort of instability”into the flow whioh may
cause separation and result in a high form drag. .Thls in-
stability can be counteracted to a large extent by allnlng
the afterbody with the flow. In the setup being considered, “
allnement of the afterbody means the use of long afterbodies

“in order that the rate of expansion of the flow oimr the
afterbody is low.

.
_.—
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The situation Is similar when the nacelle is installed.
on a wixlg. If the nacelle 18 not .alinedwith the flow over
the wing, the unstable flow causea separation cm the nacelle
and the wing and a high drag results. Exactly true allnement
obviously canrmt be obtained except at one angle of attack. .
Thealinement should therei’crebe made for the conditicn of’
flight in which the best perfmmAnce is desired.

Analyses and wind-tunnel tests show that engine cooling
can be obtained for about 5 percent of the e~ine power,
which is a relatively law cost~ the exact amount depends upon
the critical altitude of the engine. Tilecost of engine
cooling, however, in almost all actual installations is much
larger than 5 percent of’ the engine power. l%r a critical .
altitude of 25,000 feet, for example, m installation that “
gives engine coollnG at a cost of only 10 percent of the
engine power h considered particularly good. The high cost
generally can be largely attributed to poor desi.q of the “ .
aftierbodyof the engine cowling. .

.

—..
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The drag of’-O&-install&tion‘ot%&r-’tl&nthe for’hditig--
previously discussed Is mused by the return to the air
stream, through the exit, of’alr that has less momentum than
the -freestream. Consider the.’flowof’air through a heat-
exchanger installation. m t~ entrance, the total pres.
cure of the air is essentially that””ofthe free stream Ho.
In the heat exc@nger, thg”alr dces useful work and suffers
a corresponding loss tM total pressure. In the ducts, non-
useful work Is done and fuz-therpressure is ‘lost. Flna1ly~
at the exit the tbtal pressure H~ Is given by

This total pressure Ha ‘is composed of’static “gressure
P
2

and dynamic pressur~; The cross section of the flow at
t e exit is such that tke static pressure in the exit equals
the static pressure outside the exit. The velocity of flow
out of the exit is theref~re deterl~lneclby H3 hnd py.
The totcl prassure Hq generally is small erioughfor the
veloctt~ of the flow but af the.exit to be less than the
free-stream velocity VO. The-system must then be charged
wtth a dra~ tkmt ic given by

...

D =& (Vo - v+

PROVISION OF PIWSSURE DROP

Avqllable Pressure Drop aa a Function of

Free-Stream ~amlc Pressure

Provldlng adequate presmre drop is one of the funo-
tions of’an installation. h good entrance headed into the
air stream provides a total pressure that ~.svery nearly
equal to the total pressure of the free stream. The drop
in total pressure that is available tor use in a heat
exchanCer and the accompanying ducts and diffusers Is the
difference between the total pressures In the entrance and
in the extt. ~ the limit, that is, when the exit area is
very large, the total pressure In the exit .conslstssolely of
static pressure und the exit velocity I.szero, The available
total pressure then is the difference between the total pres-
sure In the entrance and the s~a-tlcpressure in the exit.
The atatlc preesure in the exit depends on its location. If
the exit opens to the rear and the velocity of the air over
the outside of the exit is nearly free-stream velocity, the
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static pressure in the
static pressure. The
stallation is then the

exit is very nearly free-stream
pressure drop available for the ln-
free-stream dynamic pressure.

The assumption that the preesure drop available i’oruse
in any installation is equal to the free-stream dynamic
pressure usually is not true in practice, W%en the air-
plane is motionless on the ground, tho free-strem velocity
Is zero; yet a pressure drop Is available because the pro-
peller produaes a flow over ths entrance and the exit. ~
flight, also, the propeller has an effect. The total pres-
sure in an ent~ance that 1s located behind the inner sections
of a propeller may be less than the total pressure of the
free stream on account of’the blocking effect of’the pro-
peller shanks. The total pressure In an entrance that la
located behind the outer sections of a propeller nay be
greater t~”n the total pressure of the free stream. If the
exit is located in the slipstream, the static pressure in
the .exltllkewise will be less thun that of’the free stream.
Furthermore, flaps can be used to reduce the pressure at
the exit and to increase the pressure drop avalluble for
cooling. Under favorable conditions, flaps can increase
the available dro~ bv some 50 ~ercent. It must tierealized
that the radial l~ca~lon of”bo~h the entrance and the
with respeot to the propeller and.the distance of’the
entrance and the exit behind the propeller determine
pressure drop that Is available.

Pressure Prdvicledby Conventional cowlings

exit

the

Allnement OS the entrance”wlth the local air flow is an
important consideration. An airplane is required to operate
throu~h a ran&e of angle of attack and this requlrem~nt
handicaps the performance or the entrance. Even a total-
head tube, which is much like a cowling or scoop,.has a
liznltedangle of attack through which approximately the full
total-pressure”reading is given. Entrances on airplanes
are usually nore critical to change in angle of attack than
total-head tubes. At poslttve mglea of attack, crossflow
over an entrance allows air to enter at the bottom and to
flow out the top. The usual name for this phencnnenonIs ..
spillage. (See fig. @.)

Conventional lTACAcowlings experience spillage and
engines Installed In such cowllhgs tend to have the lower
cylinders overcooked and the upper ones undercooked. Numer-
ous%attempts have been made to eliminate spillage. The
most successful scheme 1s the use of a high-speed entrance.
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uniform pressure across the engine, This entrance, however,
does not function well under all flight condl.tionsbecause
it tends to be crltlcal to changes in the ratio of air Inlet
speed to free-stream speed. The pressure provided frequently
Is only approximately that available at the top cylinders in
the poorly alined conventional cowling. Because there is
no spillage, more cooling air is required with the high-speed
entrance. Furthermore, the high velocities make careJ%l
treatment of the diffusfng section necessary.

A practicable solutlon to the problem of spillage appears
to be proper allnement of the conventional cowling. This
solution tivolves selecting the most crltlcal cooling condi-
tion of flight and.alining the cowlln with the local air
flow for that condltlon. (See fig. h) Figure 45 illus-
trates some of the difficulties Involve: in obtaining proper

“
—-————————

F@ure ~. - Properly alined NACA cowllng.

allnement ~f a cowllng. First, it may be observed that the.
wing dominates the picture. Near the leadlng edge of a
wing, the air has a l~rge vertical velocity component that
is a function of the angle of attack of the wing. ‘Ifm
entrance is close to a wing, the loctilflow at the entrance
Is therefore largely determtied by the angle of attack of the
w1~ i Figure )+5 also shows that the closer an entrance Is
to the leading edge of’a wing, the greater the change In the
direction of the local flow with change in the angle of attack.
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Augmentation of Pressure by Blowers

Casas arise in which the.pres~uz%-provided by the normal
installation Is inadequate under”smme operating conditions.
The most logloal procedure in such cases ~s to use nore sur-
face area for cooling and thereby to reduca the pressure
“drop.required by the excl~anger. If the ~~eatest ~~rs~ible
increase in surface area, the ~roper design of entrance and
exit, maxhum use of the propeller slipstream, and the re-
ducticn of nonuseful pressure losses still fail to solve the
problem, some auxiliary means of providing more pressure
must be found.

A blower or a fan is the most direct method of’provfdingr,
Increased presoure. The bhief difficulty cohnected with
the use of a blower is its weight. For ef’flcientblower
operation, the speed ar.dthe bl~de setting of the blower
must be controlled by the pilot. If the blower oper&tes at
constant pitch and at a speed proportional to the engine
speed, it does the most “workand-provides the highest pres-
sures In the high-speed flight condition for which the
cooling pressure usually is al~eady adequate. As the altl-
tude of fllght Increases, furthermore, the velocity of the
coollng air increases, the angle of attack of the blower
blades decreases, ati the blower unloads. .Figure 46 shows
for a typical constan%-speed constant-pitchblqwer, for
example, the variation ~f the pressure rise across tho blower
and the power cast of’operat~on of’the blower as functions
of altitude, relative to the values at 50,0@0 feet, If a
blower is used as the solution of the problem of’high-
altitude cooling, it Is clear that speed and pitch controls
must be provided.

Speed and pitch controls, however, ~ke a blower exces-
sively hea~. and complicated. All cooling problems can
doubtless be solved by providing adequate heat-tranafer
surface area for obtatnhg the requ@ed cooling with the
available pressure drops. The question that remains to be
answered is whether the heat-trimsfer engineer will choose
to provide the required surface area or whether he will
decide to use a blower with the &ssociuted weight and
complication.

.....

HECHANIS1+?OF COOL~TG IN AIR-COOIJZDE1{GIKE

~ the following dlscusston, the aim is to describe some
of the details of the mechanism of the cc)oihg of an alr-
cooled engine, in order to give an insight Into the phenomena
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Figure 46. - Effect of altitude on power cost and pressure
rise of constant-speed constant-pitch blower..,

that are involved, and to point out the numerous factors
that must be taken into account in trying to obtain correla-
tions and the inherent difi’lcultlesthat are encountered In
making measurements.

The mechanism of’heat transfer for such cooling units
as radiators and Intercoolers is well known. Here the
pressure drop for cooling, the rate of heat transfer, the
flow of cooling air, the flow of fluid to be cooled, and the t
temperatures can all be fitted into a consistent picture and
correlated wtth one another. The conditions encountered in
the air-cooled engine are complicated by numerous factors that
make such a correlation extremely difficult.

In the air-cooled engine, the latent heat of the fuel
is divided in some such proportion as that shown In figure 47.

The division of the heat pictured here Is only a very
rough approxhation because the relative division depends

.
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Figure ~~~.- Approxhate division of latent heat of’engine
fue1.

upon engine adjustments, such as timing, valves, carburetor,
intercooling, engine power, engine speed, type of’.%el, and
many other factors. It ia :hua clear that, Cn attempts &t
correlation, a dlfflcult problem is imposed because, first
of’all, an unpredictable quantity of heat Is to be dlssl- .
pated ta the cooling air.

The over-all problem of o~tainlng a correlation between
engine temperatures and pressure drop is further complicated
by the nechanism ~f co~lhg. The heat

8
oln~ into cooling

is divided somewhat as shown ?m figure ~ . 1% is interesting

Ion

Figure 48a - Approximate dlviaion of en&ine c~ollng.
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that only ap&oxlmately .40percent of thd heat la
by the baffled part of the cylinder. Only about
“of the cooling, therefore~-can be directly corre-
the pressure drop of the engine coollng ah.

clear that the heat to be dlaaipated “tothe
cooling alr ia a complex function of many faotora and that
the cooling ia only partly dependent upon the pressure drop.
The nature of the coollng-air f’low,the meana of obtaining
preaaure, and the method of meaaurlng pressure on an alr-
cooled engine wI1l be dlacuased in the following aeotlona.

Front Pressure

“The flow in front of’the en@ne takea numerous forms,
depending upon the conditions of’fllgkt, the altitude of the
airplane, and the type of oowllng. For instance, conalder
the air flow In a cowling In the high-speed flight condition.
In this caae, the cowllng operatea very much like a total-
preaaure tube and a measurement of’the total pressure in the “
entranoe shows very nearly free-atresn pressure there.

~ the take-off or climbing condition, the propeller
auperpoaea a swirl on the axial I’lowin front of the engine
(fig. 49]. The velocity pressure, the total pressure, and

. .

Figure 49. - Swirl In cowling produced by propel18r.
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the static pressure then vary r~d~ally across the front of
the engine. .

A spinner is o~ten used to Lover the propeller hub slid,
in this case, a relatively high-speed jet is also present
(rig. 50). The pressure tubes must be carefilly located to
obtain the true pressure.

Fl@re 50. - Hlglh-speedjet in small entrance area.

Under fll~ht condltlons, the-cowling is operated through
a range of angle of attack. Wken the cowling is operated
at a high angle of’attack as in the climbing condition, the
air tends to flow Into the botto~.of the cowlln~ and out the
top and spillage occurs. (See f’ig.U.) It may easily be
deduced from the foregoing Illustratlan that wide variations
In total pressure may be pbtalned even with the nest careful
measurements.

The true total zmessure in frOnt of an engine Vartes
from the crankcase t~ the cylinder head and from top to
bottom under normal operating conditions. For instance, the
swirl in front of the engine may cause a greater pressure in
front of one baffle than In front of the other baffle on the
same cylinder at the “sameradius. (See fig. 51.) Tube A
will probably show a higher total pressure than tube B
(fig. 51). The difference between tubes may also vary from
cyllnder head to base.

These illustrations simply demonstrate t-hatno single
location nor given number of’locations provide a true picture
of the total pressure in front of’the engine available for
cooling. The pressure must be measured at each point of
interest just as certainly as it must be measured for each
condition of operation. There Is no justification, otherwise,

.for correlation between cylinder temperatures and pressure
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Figure 51. - plO~ at baffle entrance and exit.

drops across cylinders. There Is no more justiflcfitionfor
.expecting one pressure measurement cm a cylinder to be s&-
nifi.cantthan for expectin~ one temperature measurement to
be significant.

The individual tubes must be placed in the fins or in
the baffles wheltethe value of the pressurs is desired.
TF.etube preferably should be installed in the rlns a short
dtstance behind the entrance to the baffle. (See fig. 51.)
A tube s,>located gives the true total pressure at the given
locatton.

Rear Pressure

The flow behind the engine presents a much less compli-
cated pioture than the flow in front of the engine. Here “.
the chief complication arises from the jeth of air as the
flow escapes at the baffle exits. (See fig. 51.)

If the static pressure is measured behind the engine,
It will be found constant unless the measurements are made
in the neighborhood of the baffle exit or near the cowling
exit where the air is accelerating.

The total pressure of’the flow out the exit slot might .
be measured but such a measurement with flaps and adjustable
cowling exit may offer some complications. A static-
pressure measurement at a point remote from the baffle exits
and the cowl~ng exit is most convenient. The true static
pressure must be constant behind the engine exoept near the
exit slot. A stati~-pressure gradient could occur behind

-— —
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the engine only because of a resistance to flaw. A simple
calculation of free area behind the engine is sufficient
evidence that any significant static-pressure gradient would
be impossible. If an attempt is made to measure the static
pressure In the neighborhood of the baffle exit, however,
wide variations in static pressure may be measured, dopendlng
upon how nearly the static-pressure tube is alined with the
100al rlOw. A very secluded location accordingly should be .
found for tlietube. In such a location, any type Or measuring
tube may be used to measure the true”static pressure.

The true pressure drop is given by the dlfrerence in
pressure neasured by the total-pressure tube in front of and
the secluded tube behind the engine. This pressure drop
applles to the passage In whtch the total-pressure tube is
located and, under different condltlons, may vary from point
to point over the engine.

Effect of’Propeller

~ Some years ago a series of tests was run on a.family of
cowllngs with and without propeller operating. Some of the
tests were made with an electrically heated cylinder mounted
on a crankcase and some of them were made on an’actual
operating enGine.

.
The case of the electricall~ heated cylinder demonstrates

some of the cooling problems without the complications of
variations in heat dissipation due to engine operating con-
ditions. Figure 52, taken from figure 11 of reference 22,
shows the effect of a propeller and a blower on the tempera-
ture distribution around an electrically heated cylinder.
When the results are plotted as In figure 53, which 1s taken
from figure 13 of reference 22, it may be seen that, even
over the baffled part of the cylinder, the temperatures are
not determined solely by the pressure drop.

The fact tPAt fl~ure 5~(a) shows correlation even for the
front of the cylinder simply means that the disturbances in
the flow which cool the front of the cylinder are related to
the speed of the air. The baffled part of’the cylinder has
a flow and a pressure drop that are related to the speed of
the alrplanei-

Ef’feetof’Cowllng-Entrance Size “

The measurements described were all made with a
cowling except where the blower was used, The next

given
step -
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Figure 52, - Tempertituilevm?ititionaround an electr~cally
heated cylinder ror various conditions. (Data from
fig. 11 of’reference 22.)

what happens to the ccoling in an actual installation - is
also Intereatlng. Figure 5!+ Illustrates the effect of open
frontal area on the heat dissipated to the cooling air as

: measured from the air flow and the temperature rise of the
air. No startling conclusions may be drawn from the curves
of figure 54. It may be noted, however, that the cowlings
with the largest openings dissipate the least amount of heat
to the.cooling air. This trend may be explained by spillage,
whereby part of the-heat transferred to the air in front of’
the engine is spilled out the t’rentof the cowllng. .

The tendency of the smaller cowling opening to dissipate
more heat to the cooling air in the baffles or to require a
higher pressure to maintain a constant cylinder temperature
Is 41s0 experienced on the test stand. Engines tested for “
cooling on a test stand where the engine is installed in a
circular duct and all the cooling air passes over t-neengine
Invariably require higher pressure drops for cooling than
the same engines installed in”oonventional cowlings on
aircraft.
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Figure 53. - Cylinder temperature as a .functkonof pressure
drop for various conditions. (From fig. 13 of reference 22.)
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Figure 54. - The ratio of’horsepower transferred to cooling
air to Indicated horsepower as a function of indloated
horsepower for various cowling oponinga.

Conclusions

The foregoing discussion and illustrations simply
demonstrate t~t the pressure drop required for ooollng an
engine 1s a function of many factors,all of which vary for
each test setup and each flight condition. The relative
ef~ect of’these variables may ohange when flight, wind-
tunnel, and test-stand results are compared. .

.

Throughout the tests ju-stdiscussed, elaborate measure-
ments were taken of the pressures and the velocities at

-..-..

numerous points in front of’and behind the engine, in the
fins on the front of the cylinder and waler the baffle, and
at the exit to the cowling. “Suchmeasurements establish an
eff’eotlveleak area representing the leak area for cooling
air around the engine. Because this effective leak area

~.. —---- - -. ...- .. --—--
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remained constant regardless of oowlhg, propeller, spillage,
and so forth,the pressure-drop measurements are considered
reliable.

If the pressure drops are assumed to be oorrectly
measured, it may be concluded that the various conditions
imposed by cowling design and flight operation have a sur-
prisingly large effect on cooling.

It may therefore be concluded that correlation between
pre”ssuredrop and engine temperature can be obtained at
present only under the most rigidly controlled conditions,
such as sometimes exist in test-stand’or wind-tunnel tests.

In view of this conclusion, efforts should be directed
toward developing installations that produce the greatest
possible cooling, on the one hand, and engines that are
adjusted to require a minimum of cooling, on the other hand.

Pressure drop should not be v!ewed as synonymous with
cobllng. It is true that, for any set of fixed conditions,
,pressure drop is a measure of cooling but the variation of
swlrl~ spillage, carburetor adjustment, power output, engine
speed, and so forth are such important factors in cooling
that they should be given as much consideration as pressure
drop● In fact, increasing the swirl or the spillage in”
front of an engine md thereby increasing the cooling may b~
more feasible in some cases than obtainirqjthe same increase
by increased pressure drop in the baffles.

DUCTS

Means and methods of reducing the internal losses of
total pressure that occur in ducts are considered in the
present section. The experimental data used are taken
principally from references 23 to 25. Total-pressure losses
occur iq ducts because of (1) frictionj (2) obstructions,
(3) ch~ge of sha e,

:
(4-)bends,(5 ) abrupt contractions and

expansions, and ( ) dif.%sers. The loss Ln any part of’a
duet - for example, at a corner or in a diffuser - for all
praotlcal purposes may be taken as proportional to the
dynamic pressure at that part. The tatal loss of pressure -
in a duct may then be written

AH = Zkq..

.. . . .
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If a duet can-be designed large enough that the dynamic
-. - preeaure in the duct.ls small, the 10SS in+tot-alpressure

caused by bends, and so forth, obviously Is small, lnasnmoh
as k is rou@ly of the order of’unity. It is not there-
fore necessary to exercise much care in trying to design for
small values’of’ k, and the following discussion can be
largely disregarded. If’,on the other hand, it is necessary
for thd d~amic pressure In a duct to be large, losses wan
be reduoed by making

The 10SS due to

the values of k small: -

Friotion

friotion in ducts Is generally negli-
gibly small. It can be calculated by the–equations g~ven
in the section entitlad ‘Pressure tiss.’t

Obstruotiona

Obstructions (pipes, spars, and so forth) should be
eliminated Insofar as possible. When the obstructions are
small compared with the size of’the cluct,the usual falrings
may be used. l:henthe obstructions are large, the fairings
should be based on the rules for good diffuser design, in
order to give a low rate of’expansion following the
obstruction.

Change of.Shape

A gradual ohange of duct sh@pe at constant cross-
sectional area (for example, a ohange from cir”cularto square
section in a distance at least equal to the diameter of the
cirole) gives a negligible loss.

Eends
I

The loss coefficient k = & for a bend is a f~~tlon
of

-(1) The radius ratio or the ratio of the.radius of
curvature R of the duct axis to the diameter or
width of the duct D measured In the same plane
as R. (See fig. 55. )

(2) The aspect ratio or the ratio of duct height W to
Width D.



(~) The angle (3..t@ough which the air is deflected by
the corner.

/

l-lD

.Figure550 - Definition of duct syubols. (~l?Tomfig. 1 In
reference 25.)

. Figure 56 shows the eff’ecton k of varying R/D and W/D
for.a bend of 90°. It also shows t~t a circular section
1S better than a square section and that a rectangular eec-
tlor$with the turn made on the short side (W>D) can have a
smaller k than a circular section.

If it Is not practicable to design a bend with desirable
(high) values of’aspect ratio and radius ratio, vane~,~hould
be used to reduce losses. As the gap-chord ratio of
the vanes is decreased, the aspect ratio and the radius ratio
of the bend are Increased. The additional vanes, however,
increase the frictional loss. It has been found that, for
thin metal vanes with the shane of the arc of a quarter
circle (fig. 57), the total loss Is a minimum (k = 0.2) at
about s/c = O-45=

Bend losses are lower when the bend is followed by a
stratght duct than whenethe duct is terminated Immediately
after the bend. For = 90°, the straight part should be .O
at least @ In length. . .
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Figure 56. - Loss coefficient k of bend as a function of
ratio or height to diameter and ratio of’radius of
curvature to diameter. Square, ciroular, and rectangular
cross seotlons; e = 90°. (d~om rig. 3 of referenoe 25.)

Abrupt Contra9fions and Expansions

Losses in the total pressure of the fluld occur at abrupt
dmanges in moss-sectional area. The losses that take place
at abrupt contractions of cross-sectional area (fig. 58) oan-
not be calculated without the aid of experimental data. “
Such data for incompressible fluids can be correlated by the
equation (p. 737, reference 26)
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where
.-.

- ‘“-”hH

qz

‘k=

k =

f

10 S:EI”In tottil‘prdssure

d~amic pressure in smaller cross se’otlon “

0.4 (1.25’ - f), f< 0.715,
0.75(1- f), f >0.715

ratio of area of smaller moss section ti area of larger
cross section

The losses at an abrupt contraction can be materially
reduced by rounding the edge at the entrance to the smaller
duct. If the edge Is only slightly rounded - as, for
example, by a few strokes of a Pile - the loss is reduced by
approxtiately one-fourth.

An abrupt increase tn the cross-sectional area of a
duct (fig. 59) also causes a loss in the total pressure of
the fluid. This case is one of the few in which loss of
pressure in flow through ducts can be calculated without the
aid of experimentally determined coefficients, Most . .

I
I
I

I
I
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I

> I
I

I
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I

Figure 59. - Abrupt expansion of cross-sectional area.
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textbooks on hydraullos - for example, reference 27 - show
that, for incompressible fluids, the loss In total pressure
oaused by.a sudden @xpansion is-given by

AH = (l”- f’)2ql

Here again the dynamic pressure is to be
smaller sectton.

the equatlbn

(68)

taken at the “

For compressible fluids, the loss ti total pressure
caused by a sudden increase in cross-sectional area, as de-
rived In an unpublished analysis, is given by the equation

where

(69)

Pg= 1 + yflfp + y @.yfM# ( 1 -f)+ l- 2f2M12+ f2Mik
P1 y+l

For comparison of’ the losses in lncompress~ble andlncom-
. pressible flow, the equation for Incompressible flow (equa-
tion (68))is easily transformed to read

by US.-

and

AH-U~-
* +1

H = p+q

(70)

0V2~2._
YP

.9
YP

,.
Equations (69) and (70) are plotted i’orair, y = 1.4o5;

in figure 60. ~spection of figure 60 stiws that, except ~
at the highest Mach numbers, the loss for compressible-flow
can be considered the same for most purposes as the loss for”
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incompressibl~ flow and can therefore be calculated by the
simple equation (68).
-----.. ---~...-. ..
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Figure 60. - Loss in total pressw–e at abrupt expanston as a

@nction or area ratio and Mach number in compressible and
incompressible flow. Y = 1.405.
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pressure
gradient

Diffusers

principal function of’a diffi”ser,”orexpand&g seo-
to Increase static pressure by transforming dynamlo
to static pressureb The adverse static-pressure
,ina diffuser tends to produce separation of flow.

at the walls and the separation causes a loss in total pres-
sure. The principal design problem fs to prevent separation.
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If the distribution of velool~ Is oonstant across the
inltlal and the fiml sections of a diffuser, the diffuser
efficiency “c&nbe defined as

T’
w_

For the veloclty distribution of turbulent flow, this equa.:- ~
tion gives an efficiency that Is only a few percent too large.

The principal factar upon which the efficiency q de-
pends Is the rate of e.xpanslon. l?ig~-e 61.shows the varia.
tlon of q with the angle of e.xpanslon 20 for a rectangular

. .

1

9.00
,2

Z@”.

Figure 61. - Diffuser efficiency as a funbtion of expansion
angle and expansion ratio.

section and for circular sectior.sof various exphnslon
ratios. For ccnlcal diffusers, the angle of. expansion of
greatest efficiency lies between 5° and 8°. The efficiency
decreases rapidly as 2e increases beyond about 10°. For
square diffusers, the angle of e~xpanslonfor which the effi-
ciency is greatest is about 60. For rectangular diffusers
In which the inttial section is square and one pair of walls
remains parallel whereas the other

~
air diverges, maximum

efficiency occ~I1’sat about 2e =11. Figure 61 also shows
that the efflctency decreases as J@l increases and that

..
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the effect is greatest for large values of 29. At the
same rate of expansion, that :.s,at the same ir.creaaein
area per unit Length of duct> the circular section ~s more

. efficient..thanthe square section am tilesquare se.ctlon
1s more eff’iclentthan the rsctan~lar section.

There is less tendency for separation to occur And the
efficlenoy Is better for a tnti boundary layer at the dif-
fuser entranoe than for a thick one. Yhe efficiency there-
fore Is better fbr a slmrt duct ahead of the diffuser than
for a long one. This fact, however, 1s principally of
academic Interest nnd is not OF ~ddL practical value in de-
signing ducts for atrcrat’t,
dictated by other factors.

for which “duct length is generally

Because the static pressure continues to rise for some
distance from the exit ot a dl~fuser, the efi’tclency of a
diffuser is greater when it is folkwed by a length of outlet
duct ● lbr 2tl= so, the efi’icie:lcyma? be increased 5 to
1 percent by an outlet duct.
3

The ef’i?ectIs greater when
2 Is larger than So. If bhLe entranco veloclty distribu-
tion is constant, the outlet duct len@l should ba about

%:nt flow,
If the entrance velocity distribution is that of tur-

the lengtli should be akout 6D2.

Vfhena quick expansion must be used, separation can be
del&yed and the e:i’iclencyincreassd bT curvature of the
walls. The benel’ltof curvature is most pronounced In the
range 150< 29<300. A good type of curvature seems to be
one that begins

r
adually an~.ends tn & straight line, LS

simwn In figure 2.

-r’”
/

—. —
“ –-+-—\–-————

“1
~igure62.- Diffuser with curved walls.

—.
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Loss In total pressure at t@te large angles of expansion
may be reduced by use of deflectors. A system of deflectors,
such as is slhownin figure 63, can Increase q by about UO
percent for 2e = 90°.

——

.*_

FI~O 63 L - D2ffuser with deflectors.
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Diffusers EMlowed by Resistances

. . When-a heat.exchanger is dlreotly behind a ditYuser,
the expansion can be made much more rapidly, for the same
loss of total pressure, than when a lsrge resistance is not “
behind the difflmer. Tests Of diffuser-resist~ce combfia-
tions were reported In referenoe 28, from whioh the material
in the’present seotlon.is taken. In theme tests, the dlf-
i%ser shape was defined by three variables: a radius Ru
at the entranoe of the diffuser, -Z apgle 29 of a cone,
and a radius ~ at the exit of the diffuser. .(See
fig. 61+.) ..
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~lgure 65. - Diffusm? eff’lclen~y q as a function of ex-
pansion angle 209”cohducttvity of resistance
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fig. 19 OF reference 28.) .
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Figures 65 and 66 show the efficiency ~ of’a diffuser-
tha,$Is followed by a resistance, as affected by”the oonduo-
tlvity of the resistance -~~p, the ratio of’expansion
A2/Al, and the L/b of.the entranoe dust, that is, the velo~ - .
oity dlstributton at the dlffpser entrance.
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Figure’66. - Dlffus6r efficiency q as a flmctlon o; ex- .
pansion angle 28, conductivity of reslstanc!e ~q~, and
entrance length-diameter ratio L/D. A2/Al = 3. ( IiWorn
fig. 20 of referenoe 20.)
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The tests showed
It need be only large

.mnner. ..Avalue of

that the value of Ru is not critical.
enough to remove the abruptness of the

,m,Q=~D&l appeared bette; than other
values te”sted, excetit when the dif’fimer was very short.
When the diffuser w& very short, the beginning-of the curve
was too abrupt and a value.of I@ = D#6 was better. The
effeotive a~le of expansion 2e is as shown in figure 64.

Langley Memorial Aeronautloal Laboratory;
National Advisory Committee for Aeronautics,

Langley Field, Va. I
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APPENDIICA

,..

# PHYSICAL PROPERTIES OF Am
●

The @-pcmff’icheat of’air at constant pressure may be
taken as J ..

, for all tempwraturea and pressures encountered in heat-
exohanger work.

The Prand.tl-numberfor ulr,csm be considered acconstant
&id”.equalto

F&,.air, the ratio of the specific heat at constant
~e to the specific heat at cmstant volume is

Y = 1.l+05

The-._dent-of vlicostty p of air and the thermal
J - mn’duchtvity k ~f’al??can be considered functions of “

temperature only. Th9se quantit~es are shown as l’unctiOns
..of&nnperature In W h figure 67. The value of p at
:.6430F was taken t’romreferen~e 29 and the value of k at
32° F was taken from reference 30. Values of both p and
.k at other ~ures were calculated by SutherUnd~s
~ .g.iw+n”in reference 30.

. .
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APFENDIX B

. .

PRWERTJE3 OF NACA, ARMY, AND NAVY ATMOSPHERES .
. . .

A standmd atmosphere Is necessary for computing; evalu-
ating, and comp-ari~ the peri’ormanceof a~.~)craftat altitude. .. 1
The propertlss of three standard a’~mcspheresas defined by

.

the NACA, the Army, and the Ilavyare given in tables V to VII.
.-

The standard atmosphere defined by the NACA Is an ap-
.proxhate yearly average of condi~tons at 400 latitude in the
United States; The sek=level te~p~rature is.taken as 59° F.

:A uniform temperature gradient of 3.566° F per 1000 ft Is
assumed from sea Ievel to 35~~32 ft, where.the temperature
1s -67° F. Altitudes higher tkL8n 35,332 ft are asqumed
Isothermal at -67° F. Pressures in the NACA standard atmos-
phere are given by the equation

,, ‘“
P =poe -Cxaltitude

In which PO is the sea-level pressure of 29.921 in. of
mercury and c .is a f’unctionof a mean temperature, whioh
in turn is a function ~f altitude. (See reference 31.)
Denaltles arg computed by the *eneralgns law, with sea-

blevel density taken as 0.00257 s:ugtilcu.ft.

The standard atnospilerkused by the Army has a tempera-
t~e at sea level ~0° F higher tknn the temperature of’the

. ,NACA standard atmosphere. The gradient is the same as in
“*he NACA atmosphere; that 1s, the temperature reaches .670 F
at 46,5@ f%, where the isothermal reg+pn 1s.assumed to begin.
Phessures at ail altitudes are taken to be the sane as in
the .NACAatmosphere. t.~

The standard atmosphere u~ed by the Nqvy has a tempera-
ture at sea level 30° F hl&her than the tetnperntureof the
NACA standard atmosphere. The gradlc-:tIs the s~e as ~
the NACA atmosphere; %he temperature re~cho~ a constant value
of -67° F at 43B655 ft. ~essures at all altitudes are
taken to be the same as in the NACA atmosphere,

. .
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TABLE V
s-,-.,

-HACA STANDARD ‘ATMOSPHERE...

Altitude

o
“1,000
2,0,00

t
,000

.,,000
5,000
6,000

z,000
,000

9;CO0

10,000
11,000
l~,ooo
1 ,000
z1 ,000

15,000
16,000
1 ,000

61 ,000
19,000

20,000
21,000
22,000
.2,000
2 ,000
2 ,000
22 ,000

2 ,000
8.2 ,000
29,000

30,000
31,000
32,000
; ;;::
z

z
3 ,000
3 ,000
3~,000
3h,ooo
39,000

Temperature
(°F)

36.5
26.9

9.1
:::

-1.6
-5.2
-!3.8

-48.0
-51.6
-5 j

-2
3

- 2.2
-65.3
-67.0
-67.0
-67.0
-67.0

Pressurel Density, p
(i-n. Eg)@31u@u t%)

I O●002378
.002309
“.002242
.002176
.002112
.CX120
.ool~M
.001282.wn69
.omG12

.00s756

Relative density,
P/P.

.IX11267 ,532

.001225 J

.001183 84:7
,(xm43 JJ05
.oo~103
.00106

i
:%%

.00102 .4323

.000392 .4171

.000557 .4o23

.000922 .3879

.000889
● 00085
.000!32 z
.0007’95
.00076
.00073 i!
,000 04

E.000 “/1

,ood640
QOO61O

.3 40
z.3 03

# ;
i

.3218

.3098

.2 62
8●2 24

.2692 ‘

.2566 .; “ -

.

. . . . . .
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Altitude

40,000
41,000
4.2,000
4,000
4?,000
~~, c)::

J! ;000
k~,ooo
49,000

50,000
51,000
52,000
5 ,000
15 ,000

5 ,000
2; ;:();

85 ,000
59,000

60,000
61,000
$2,:::

6{;000
65,000
66,000
6 ,000
6~,000
69,000

70,000
71,000
72,000

t
; ;::;

z
7 ,000
7 ,000
7~s:::
79
6
;,:::

s

TABLE V-- Continued

NACA STANDARD ATMOSPIIERE- Continued- “

Temperature
(°F)

L67. o
-67.0
.--; .:

-67:0
~-67. d

-67.0
-67.0
-67.0
-6’7.0

-67.0
-67.9
-67.0
-67.0

.-67.0
“ -67.0

-67.0
-67.0
-6~mo
-67.0

-67.0
-ti7. o
-67.0
-67.0
-67.0
-67.0
-67.0
-47.0
-b7’. ()
-67.0

-67.0
-67,0
-67.0
-67.0
-67.0
-67.0
-67.0
-67.0
-67.0
-6~. o
-67.0

Pressure
(in. I@)

.Ocaa+

.0002i;

.000201}

.O(N1~
3.Oocl5

.0001:6
‘,OCO1O8
.000160
.000153
.0001’L6..
.000139
,000132
.(WQ12A ‘
●000120
,0C0115
.00010

?.doolo L

. 0COC99

.000095

.Wco G
z.QOOO 6

Relative density,
P/P~

o.
●

●

✎

✎

✎

●

✎

✎

2447
2332
222#!L

. 3.59i

.2 17
J47

:1379
.1316 ~
.125
‘1 t

i
:il o
.10
● 103

i.098

.0942

.0 co
z.O 58

.0816

.0778

.0740

.0706

.06 3

.06 t

.061 z

.0585

.0555

.0530

Z8$

.o or

.0

.04.5

.043
● 041z
● 059
.03

z
8

.03 2
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Altitude

o
1,000
2,(YX)

t
,000
,000
5,000
6,000
~,000
8,000
9,000

10,000
11,000
12,000

?
1 ,000
1 ,000
15,000
16,000
17,00C
18,000
19,000

20,00C
21,000
22,000
2 ,000
t2 ,000
25,000
26,000
27,000
2!3,000
29,000
~,ooo
31,000

E

,000
,000
,000

35,000
*, 000

JIl
,000
,000

~,ooo
l+o,ooo
lg,ooo
112,000
4,000
d ,000

T- VII

IKAV’ISUMMERsTANIMUIATMOSPHERE
——
Temperature

(°F)
——

89.0
85.4
81.9
;:.;

i12
z
J;
60.5
56,9

2
3*3
y,8
g.:

53:1
35.5
31.
2a.1
2i+.8“
21,2

w
10.5

q

-i:7
-7*3
-1o.

?-14.:
-18.0
-21.6
-2 .1
3

:%:$

:3::!
r-0
&6
:;0:2

-53.0
:~~.~

-64:6
-67.0

?ro88ure
:in. Hg)——
29.92
28.06
2 .@
12 .el
2“.84
2L 83
23.98
23.09
22.22
21.38
2~,53
19.73
19.03
13.2$1
1 .57
i1 .88
16.21
‘ ,56
?i ,94
14.33
13.75
13.iO
12.63
12.10
11.59
11.10
lo.e
10.16
9.720
9*293
8.880
8.483
8.101
$. ~
3

z
:03i
.705

;:$;

5:541
5.283

?
.o%

1+:~8

Density,p
:sl&ou ft)

O.ooa+o
.0CX?183
.002118
.00205’
,Q~~~~3
Am:;;

.001518
●001~61
.Goz~06
●001651+
.O!ndol
.om~~l
.0010-l

?.00152
.001405
.col~~l
.oo?.31Jl,
.001271
.001228
.001187
.ml 147
.001107
.OO1O*
.Ooloy?
.Oooyjk
.0G0960
.00CX226
.ooGb93
.000860
.000EK?9
.000798
.(X)0768
;uog73y

.o@oh

.000658

.o@063

.0C0603

.000585

.000561

.000241
,000521

9?8
.00001
.00 1

Relativedsasity,
P/P.

1.0000
.911
L.9 2

.91jT

.8866

.85

.8x

.808

.7831

.7589

m:

.a~
A&J

.(qo

.(0L~5
95*
d:&;

.52co

. 1(22
?924

“ :k755
.491
.1231
.1,270 .
.llll$?
●39v
●3826
.3688
.350

?$
6

:.8
AMj

.2927

.2816

.205

.2L

.2496

.2407 ‘

.2310 -

.2229

.2140
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IMPACT-PRESSURE CHART

43
.

Mpact pressure Is shown in iigure 68 as a funct~On of’
speed and altitude. hpact pressure is the pressure shown
by a pitot-static tube and Is defined as the total pressure
minus the static preesure, that 1s, the static pressure at a
stagnation point minus the static pressure in the free
stream.
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